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Abstract
Internal erosion is the loosening, detachment and transport of fine particles through the
pore structure of a coarse material due to a seepage flow. Once erosion is initiated
and fine particles are not blocked within the coarse material, particles can be washed
out leading to larger scale deformations. This phenomenon can be frequently seen in
water retaining structures like dams, levees and embankments. This kind of hydraulically
induced erosion processes caused enormous damage to infrastructure and buildings as
well as loss of human lives. Prevention of these catastrophic events includes a better
understanding of the initiation of this process. Although an extensive number of studies
have been carried out on this topic, the hydro-mechanical mechanisms of the onset of
erosion at micro scale are still poorly understood.
In the presented thesis, contact erosion induced by hydraulic flow perpendicular to
the interface was studied. Base material can be dislodged and transported into the
filter material due to upward water flow. The study focuses on the hydraulic changes
happening at the interface between fine and coarse layer and the conditions leading to
first detachment of fine particles. In the sequence of processes leading to erosion and as
consequence the failure of the structure, it is the onset of erosion indicating the initiation
of the process, which is of interest in this research.
Initiation of contact erosion process takes place locally at the pore scale and therefore,
measurements of the pore scale parameters are necessary. The major difficulty of a
micro-scale experiment is the optical opaque nature of real samples that do not allow
observations inside of samples. Due to this limitation, most of the studies have been
carried out based on the observations at the wall of the test cell, measurements of the
outflow turbidity, settlement of the sample at the wall of the sample cell. To overcome
this problem, transparent soil has been introduced for our lab-scaled experiments using
Refractive Index Matched (RIM) media technique. RIM medium was obtained by using
the same refractive index for both fluid phase and solid phase. Hydro-gel beads were
used for the soil matrix, and pure water was used for the fluid phase which creates a
transparent medium. Visualization of the local flow field inside the transparent soil was
done by Particle Image Velocimetry (PIV) technique. Rather than using an expensive
laser systems, Light Emitting Diode (LED) based light sheet was used for the illumination.
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This developed experimental apparatus was first used to identify the porous flow charac-
teristics inside a mono-dispersed packing. Results were successfully compared with the
available literature data on porous flow studies. Formation of preferential flow channels,
flow characteristics for different pore geometries, pore scale measurements for the
deviation of laminar flow were identified.
Finally, experimental results for the layered porous medium was used to validate a
numerical model which was developed using an existing code to simulate contact erosion
models as same as in the experimental conditions. Discrete Element Method (DEM)
was used to model the solid phase while Lattice Boltzmann Method (LBM) was used for
the fluid phase. First, a simple fluidized bed problem was developed and identified the
mechanism for particle dislodgement and transportation due to an applied upward flow.
Then contact erosion was simulated for several particle size combinations where erosion
is geometrically possible. Local flow behaviour of different pore shapes at the contact
zone was studied and their influence for the contact erosion was quantified.
Main outcomes of the study were presented through three journal papers and one con-
ference paper which form the core of this thesis. Key findings can be summarized as:
1. Development of an experimental method for measuring pore scale flow characteris-
tics inside the porous medium
2. Identification of preferential flow channels and flow characteristics for different pore
geometries
3. Modification of an existing numerical code for contact erosion simulations and vali-
dation of it through experimental results
4. Quantification of hydro-geometrical influence for onset of contact erosion
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Chapter 1
Introduction
The following thesis is written in a paper-based format consisting of a report with an
overview of the state of knowledge, an introduction to the attached papers with short sum-
maries and a detailed discussion of the main findings of the thesis including an overview
of the potential for future research. In the following chapter, the considered problem is in-
troduced and the objectives and individual aims are presented together with the method-
ology used to reach these goals. A detailed thesis structure is introduced at the end of
the chapter.
1.1 Statement of problems
Internal erosion is a serious threat for water retaining structures and is characterised as
the transport of fine materials through the pores of coarse material with the presence of
seepage flow. Initiation of this process happens at the local scale and, therefore, cannot
be noticed until it has progressed enough to be visible, e.g. through observations or from
field monitoring. However, internal erosion can start at the first filling of an embankment
dam or develop over many years. Sequence of processes leading to the internal erosion
failure has been introduced as initiation of erosion, continuation, progression and breach
of the structure [Foster and Fell, 1999]. The initiation correspond to the detachment of
soil particles, and the continuation happens due to the transport of those particles by
seepage flow through the coarse structure. The resulting permeability changes of the
original structure, or the trapping of fine particles during migration, can lead to increasing
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pore water pressure within the structure. All those conditions support the progression of
erosion until the breach. Prevention of failure of those hydraulic structures due to internal
erosion requires a better understanding of the initiation of this process.
Among several kinds of erosion mechanisms, initiation of contact erosion is studied in the
frame of this thesis. Contact erosion happens at the interface of fine to coarse layers.
These kind of layered conditions can frequently be found in embankment dams, levees
and dikes. Although newly built structures are built according to the filter design rules that
help to prevent the continuation of this process, most of the old structures were developed
historically using in-situ materials. Therefore, those old structures are more vulnerable to
contact erosion. Indeed, it is very common to find layered soil conditions consisting of
fine and coarse materials. Most preferred location for contact erosion is at the interface
between structure and the foundation.
From a large number of studies regarding internal erosion, several studies can be found
related to contact erosion due to flow parallel to the contact surface. Particle instability
occurs due to shear stress applied by the parallel water flow. When the flow is perpendic-
ular to the contact face, the initiation mechanism is different due to the variations in flow
characteristics as a result of changes of permeability and porosity at this zone. Those
flow behaviours influence the stability of the fine particles at the contact face where they
start to get dislodged. The onset of dislodgement as the initial process of internal erosion
has been studied during this project using a numerical model and physical experiments
addressing the behaviour of particle at the micro scale.
1.2 Objectives and methodology
Erosion thresholds have been quantified in terms of critical hydraulic gradient and critical
velocities that lead to particle dislodgement. However, most of those results were based
on sample scale measurements like average flow velocity, macro-scale pressure gradient
across the sample, turbidity measurements at the outlet of the sample. However, the pore
scale mechanisms behind all those macroscopic variations are still poorly understood.
Therefore, the overall aim of the study is to make significant advances in the understand-
ing of the physics of the initiation of internal erosion. For this purpose, experimental and
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numerical studies have been carried out on a specific type of internal erosion named,
contact erosion. Specific objectives for this thesis are:
• To develop experimental and numerical models to observe pore scale parameters in
porous flow,
• To validate the numerical model based on experimental results, and
• To identify and quantify the pore scale effects for the initiation of contact erosion.
The most challenging part of this research is to design an experimental apparatus and to
develop procedures for measuring local properties inside the interface from fine to coarse
layer. As usually laboratory samples are optically opaque, observations are limited to the
free surface of the sample at the wall of the permeameter. Furthermore, since validation
of the numerical model is done through experimental results, the initial and boundary
conditions of the experiment should be compatible with the numerical simulation which,
is frequently simplified due to limitations in computer resources. Considering all those
aspects, following steps are defined as the methodology of the presented research.
• Development of a transparent soil medium by matching the refractive index of both
fluid and solid phase.
• Measurement of pore scale flow characteristics inside the transparent soil medium
using PIV technique. Suitable seeding particles, illumination system and camera
should be selected according to the purpose.
• Modifications to the existing numerical code to simulate contact erosion. Identifica-
tion of the main mechanisms and parameters for the initiation of contact erosion and
introduction of this information in the design of the experiments.
• Comparison of the experimental results with available porous media data of other
studies and validation of the numerical model in terms of flow characteristics.
• Quantification of the hydraulic, geometrical and mechanical effects for the onset of
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contact erosion.
An existing code at the Geotechnical Engineering Centre could be used for the numerical
part. It was only required to adjust the code for the considered conditions of contact
erosion. As the focus of the work was set on experimental investigation, the availability
of this code enabled covering both, experimental and numerical studies within the time
frame of three years.
1.3 Thesis Structure
This thesis is written in a paper-based format. It consists of four chapters and an appendix
consisting of four papers which form the core of the thesis. Chapter one introduces the
thesis topic, scope, objectives, and structure.
The second chapter is the literature review of existing methods based on experimental and
numerical models. Although some of those studies are also included in attached papers,
they are given in this chapter again to provide a better understanding of our motivation.
Chapter three summarises two published journal papers, one submitted journal paper and
one published conference paper.
Paper 1 fully describes the numerical method that was used to simulate the erosion pro-
cess. A simple fluidized bed problem is presented to identify the initiation of particle
movement due to an applied upward flow. Rotational movement of the fine particles was
identified as the first sign for the onset of particle dislodgement before vertical movement
started due to vertical seepage flow. This paper has been published in Philosophical
Magazine (Harshani H.M.D. et al. 2015)
Paper 2 introduces the experimental set-up which is based on the usage of a transparent
soil to address particle scale flow changes during the initiation of contact erosion. Particle
Image Velocimetry (PIV) technique was used in combination with Refractive Index Match-
ing (RIM) media technique. This paper has been published in Measurement Science and
Technology (Harshani H.M.D. et al. 2016).
Paper 3 is a conference proceedings paper, which shows the initial results of the usage
of the experimental set-up to study the contact erosion. Changes in flow characteristics
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in the contact zone were observed and presented to the 8th International Conference
on Scour and Erosion (ICSE08), which is the most important conference in the field of
erosion.
Paper 4 presents the important outcome of the combination of numerical and experimen-
tal results regarding initiation of contact erosion. The hydro-geometrical effect for the
onset of contact erosion is presented. This paper has been submitted to Journal of Com-
puters and Geotechnics.
Apart from these publications included in this thesis, the candidate has completed another
two conference proceeding papers.
1.4 Links between attached papers
The link between the papers included in the thesis is presented in Figure 1.1. Two main
schemes has been followed in the research (the two columns experimental and numerical
study in Figure 1.1) with focus given to experiments. Preliminary numerical investigations
provided an important insight into the mechanisms leading to erosion and first manifesta-
tion of erosion when a granular packing is subjected to flow (Paper 1). The intensive ex-
perimental investigations (Paper 3) with the development of the set-up (Paper 2) provided
the experimental results which have been used to validate the numerical model (Paper 4).
In combination with the insight and experiences provided through the preliminary numer-
ical study, the onset of contact erosion on the pore-scale could be characterised for the
first time.
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Figure 1.1: Links between incorporated papers to meet the thesis aim
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Chapter 2
Literature Review
2.1 Introduction
Internal erosion occurs when soil particles within an embankment dam or its foundation
are carried out by seepage flow. The onset of this phenomena remains un-noticed within
water retaining structures until it has progressed to and extend that it can be detected at
the surface. Four main types of internal erosion phenomena can be identified in water
retaining structures ([Fell and Fry, 2007, Bonelli, 2013]) (1) concentrated leak erosion, (2)
backward erosion, (3) suffusion, which take place inside the soil skeleton, and (4) contact
erosion occurring at the interface between fine soil layer and coarse layer. According to
an excellent review of dam incidents by [1] internal erosion is responsible for about 47%
of embankment dam failures causing enormous damage to property and loss of lives.
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Figure 2.1: Dam cross section with different types of internal erosion mechanisms
[Schuler and Brauns, 1993]
[Foster and Fell, 1999] have shown four main phases of a typical dam failure identified as
(1) initiation of erosion, (2) continuation, (3) progression of erosion and (4) breach of the
structure. The duration of this process from initiation to breaching of the structure may
vary considerably from few hours to some decades. Internal erosion can be started and
developed through the foundation, though the embankment or from the embankment into
the foundation. Presence of an effective filter zone located at the downstream controls
whether erosion will continue or stop. Figure 2.1 shows possible types of internal erosion
mechanisms inside an embankment dam and foundation.
Extensive laboratory tests and theoretical studies have been performed to assess the
retention and drainage criteria of downstream filters. Majority of the available criteria are
based on the relation proposed by Terzaghi ([Arulanandan and Perry, 1983]) for granular
material given by
D15F < 4D85B − Retention Criteria (2.1)
D15F > 4D15B −Drainage Criteria (2.2)
where D15F is the grain size diameter of the filter where 15% by weight of the particles
are smaller in diameter. D85B is the grain size diameter of the base soil where 85% is
smaller in diameter. D15B is the grain size diameter of the base soil where 15% is smaller
8
in diameter. This original Terzaghi criterion have been subjected to several modifications.
Due to the limitations of the Terzaghi criteria many studies have been performed based
on the constriction size distribution ([Kenney and Lau, 1985, 5]).
Several experimental set-ups have been designed to assess the erodibility of the
soil at laboratory conditions. [Masch and Espey Jr, 1965, Arulanandan et al., 1980,
San Lim and Khalili, 2009] used rotating cylinder tests to estimate the hydraulic shear
stress at which erosion initiates and the rate of eroded soil mass. Submerged
Jet Erosion tests were used to study the erosion resistance of fine grained soils
([Pinettes et al., 2011, Wahl et al., 2008, Hanson and Cook, 2004]). Hole Erosion Tests
have been conducted in the laboratory to model erosion through a concentrated leak flow
([Wan and Fell, 2002, Wahl and Erdogan, 2008]). Suffusion erosion has been modelled
using devices that consists of a cylindrical seepage cell with downward or upward flow
to determine the hydraulic gradient across the soil specimen at which suffusion occurs
[Kenney and Lau, 1985, Wan and Fell, 2004, 4, Chang et al., 2014].
All those studies have been conducted on the sample scale and the threshold for initia-
tion of erosion has been determined based on the average kinetics acting on the sample.
However, initiation of this process takes place locally at the pore scale and therefore, mea-
surements of the pore scale parameters are necessary. The major difficulty for realizing
those experiments is the optical opaque nature of real samples that do not allow obser-
vations inside of samples. Several numerical studies and other experimental techniques
have been introduced to overcome this difficulty.
2.2 Contact Erosion
Contact erosion occurs at the interface between two layers of soil with different grain sizes
due to seepage flow. Two conditions should be satisfied for initiation of contact erosion.
1. Geometrical Condition: Pores of the filter layer should be large enough to allow fine
particles to pass through
2. Hydraulic Condition: Seepage flow should be sufficient to detach fine particles and
to transport them into and through coarse structure.
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In this thesis the hydraulic thresholds for initiation of contact erosion is studied when geo-
metric conditions do not impede the transport of eroded particles. Figure 2.2 shows sev-
eral sensitive zones within embankments where contact erosion can occur [Bonelli, 2013].
Two different configurations can be found which are differentiated based on the presence
of the flow of water which can be either perpendicular or parallel to the interface.
In a zoned embankment dam, significant number of interface areas can be found in the
main body as well as in the foundation where contact erosion can be initiated (Figure 2.2).
According to [Foster and Fell, 2001], embankment dams constructed in the 20th century,
include many coarse layers which are coarser than filter criteria creating relatively high
potential for contact erosion. Due to the porosity changes between both layers, flow char-
acteristics at the interface are difficult to predict. However, changes in flow conditions exist
and as a result the stability of fine particles may be reduced which can then be detached
from the original skeleton. This may lead to changes of the local porosity and therefore,
progressive detachment and transport of fine particle fraction can happen (Figure 7). As a
consequence, the skeleton of the coarse particles can be damaged and settlements can
occur resulting in the development of cavities and a subsequent breach of the structure. If
the constriction sizes of the filter layer does not allow most fine particles to pass the filter
layer may be clogged and erosion stops.
In the presented thesis, contact erosion induced by hydraulic flow perpendicular to the
interface was studied. Base material can be dislodged and transported into the filter ma-
terial due to upward water flow. The study focuses on the hydraulic changes happening at
the interface between fine and coarse layer and the conditions leading to first detachment
of fine particles. In the sequence of processes leading to erosion and as consequence
the failure of the structure, it is the onset of erosion indicating the initiation of the process,
which is of interest in this research.
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Figure 2.2: Contact zones where CE can occur (a) Typical diagram of flood protection
dike (b) Typical diagram of a zoned rive dike. [Bonelli, 2013]
Figure 2.3: Contact erosion due to the flow perpendicular to the interface
2.3 Experimental Studies on contact erosion
Several studies have been conducted in order to measure the hydraulic and geometrical
threshold for contact erosion initiation. For contact erosion experiments with flow paral-
lel to the interface, the experimental apparatus normally consists of a large rectangular
tank. Otherwise a cylindrical cell is used and filled with two layers of soil which are in
contact to each other. This cell is connected to a water tank to be able to create a water
flow either parallel or perpendicular to the interface of fine and coarse material. Exper-
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imental investigations to contact erosion with flow perpendicular to the base/filter inter-
face have been conducted primarily to derive geometrical criteria to avoid contact erosion
or hydraulic criteria to be able to assess under which hydraulic condition erosion starts
[Schuler and Brauns, 1993]. Latest experimental studies concentrated on contact erosion
parallel to the base/filter interface.
An experimental study regarding inter-facial erosion due to water flow parallel to the fine
and coarse material interface was performed by [6] who pointed out that the grain size
ratio and the void ratio of the coarse material influence the initiation process. Grading
ratio (D15/d85) has been defined for formulating geometrical and hydraulic conditions.
[7] developed another experimental set-up to study the contact erosion for flow parallel
to the interface (Figure 2.4). Measurements of the transported fine materials through
the filter material has been measured in terms of turbidity of the outlet water. Erosion
thresholds were quantified according to the average kinetics such as Darcy velocity and
global hydraulic gradient. They measured critical gradients and critical velocities for sev-
eral base-soil and coarse-soil arrangements and proposed an empirical relationship for
the effective critical velocity (qc,eff ) as:
qc,eff = 0.7nF
√
(
ρs − ρw
ρw
)gdH(1 +
β
d2H
) (2.3)
where β is a function of base soil compaction, particle shapes, electrodynamic character-
istics of the particles and chemical condition.
For a given mean velocity (q), Ergun (1952) proposed a relationship with hydraulic gradi-
ent (i) as
i = aq + bq2 (2.4)
where a and b coefficients depend on coarse soil porosity, n. Combining Equations 2.3
and 2.4 provide the porosity to derive a critical hydraulic gradient, at which erosion starts.
[7] concluded that their measured critical hydraulic gradient (i) values have been similar
to the calculated theoretical values.
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Figure 2.4: Experimental device used to study CE parallel to the interface by [7]
Recently, [Schürenkamp et al., 2014] carried out an experimental study regarding the sta-
bility of granular filters in coastal environments. In this study, geometrically open filters are
considered which are characterized by a large ratio of the size of filter material and base
material. Settlement and pressure fluctuations at each layer have been measured under
the wave action perpendicular to the interface between base and filter material. Contact
erosion results were obtained from the settlements measured at top filter layer.
These experimental investigations have been conducted with set-ups at the sample scale.
And the analysis was based on macro-scale parameters to provide criteria for the start of
erosion. However, the hydraulic, mechanical and geometric conditions on the micro-scale
supporting or leading to erosion have been neglected. To address this issue, experimen-
tal devices should be developed that can observe pore scale characteristics. The optical
opaque nature of the sample is the main obstacle for this kind of micro-scale experiments.
[Scheuermann et al., 2012] has designed an experimental device for investigating contact
erosion for flow conditions perpendicular to the base/filter interface. Spatial Time Do-
main Reflectomerty was used to measure the porosity changes during contact erosion.
Besides of those sample scale experiments, non-invasive experimental methods which
involve Refractive Index Matched (RIM) fluid-solid system, are widely used for measur-
ing flow characteristics in porous medium such as Particle Image velocimetry (PIV) [12,
Patil and Liburdy, 2013b, 10, 8] Particle Tracking velocimetry (PTV) [Northrup et al., 1991,
Peurrung et al., 1995, Moroni and Cushman, 2001] and Laser Doppler Anemometry
(LDA) [Dybbs and Edwards, 1984, Giese et al., 1998]. Among those methods, PIV has
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been widely used and further developed over the last two decades providing powerful
techniques to observe flow conditions at the pore scale.
[8] developed an experimental device involving PIV to measure the pore scale behaviour
during contact erosion and flow parallel to the interface (Figure 2.5). The advantage of
this approach is that the transparency of the filter layer allows the measurement of the
velocity field of the flow along the contact zone. This experiment was the first pore scale
conditions during the process of erosion.
Figure 2.5: Experimental set-up based on PIV technique to study Contact Erosion at flow
parallel to the interface [8]
2.4 Particle Image Velocimetry (PIV) method
PIV is a non-invasive, full-field optical measurement technique which has been widely
used in the last two decades for flow field measurements. Instead of measuring at only
one point flow field conditions, (Laser Doppler Anemometry and hot-wire anemometry)
PIV has the ability to capture the spatial velocity distribution for a whole field simultane-
ously with high resolution. The fundamentals and a thorough review of the PIV technique
can be found in [Westerweel, 1997] and [Grant, 1997], and PIV is also the subject of two
books [Raffel et al., 1998], [Adrian and Westerweel, 2011].
A principal schematic of a PIV system is shown in Figure 2.6. In order to conduct mea-
surements, the flow must be seeded with particles that are neutral in terms of buoyancy
and act as fluid traces. Those seeding particles are illuminated with a thin light sheet
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at least twice within a short time interval. The camera located perpendicular to the light
sheet is used to capture the illuminated flow field. Synchronizer is used to synchronize
the light pulse with the frame rate of the camera. Depending on the flow velocity and
the magnification factor of the camera lens, a suitable time between two light pulses (δt)
has to be chosen. From (δt) and the displacement of the seeding particles between two
images, velocity vectors can be calculated.
Figure 2.6: Schematic arrangement for Particle Image Velocimetry system
For the image analysis, the digital PIV recording is divided in small sub-areas called in-
terrogation windows (IW). The local displacement vector for the images of the tracer par-
ticles of the first and second illumination is determined for each interrogation window by
means of statistical methods (auto correlation or cross-correlation). It is assumed that all
particles within one interrogation window have moved homogeneously between the two
illuminations.
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2.4.1 Refractive Indexed Mathching (RIM) medium
A Refractive Indexed Matched (RIM) medium exists if solid and lquid phases have the
same refractive index and the solid phase cannot be seen in the water. The accuracy of
measurement results created with such a transparent medium using PIV highly depends
on how well solid and fluid are refractive index matched as several types of errors may
occur if this is not achieved. [Budwig, 1994, 5]. Refractive index matching (RIM) is one
of the important factors to be considered and it involves finding a solid material and fluid
with matching refractive indices to create a fully transparent medium. RIM has been
extensively reviewed to identify the factors affecting the PIV measurements [16]. In most
studies reported in the literature, glass beads were used as the solid phase and a fluid
such as silicon, glycerol or any other mineral oil, were tuned to acheive the trasparent
solid-fluid medium [14, 12]. [8] used PIV technique to study contact erosion with flow
parallel to the interface. In their studies, borosilicate beads and two mineral oils were
used to construct the transparent porous medium.
However, frequently those kinds of fluid mixtures change their optical properties with time
during the experiment especially due to the sensitivity of their rheological properties with
changes in temperature. Despite the fact that those materials show advantages in mod-
elling the porous medium flow conditions, maintaining a consistent transparency is the
main challenging task. [Byron and Variano, 2013] recently developed a solid material
based on polyacrylamide-based hydro-gel which has a refractive index similar to liquid
water. They used this material to study fluid interaction associated with small solid bodies
with more affordable and environmentally relevant fluid medium. [Weitzman et al., 2014],
expanded this hydro-gel based RIM to measure the flow velocities around solid obstruc-
tions. They demonstrated the viability of using hydro-gel materials for fluid velocity mea-
surements using optical methods. [Lo et al., 2009] proposed a new water-based material
called ′aquabeads′ for modelling multiphase flow. The success of those studies motivated
us to use commercially available hydro-gel beads for the measurement of fluid character-
istics inside the porous medium.
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2.4.2 Seeding particles
It is clear from the principal of PIV, this measurement technique is indirect as it measures
the particle velocity instead of the fluid velocity. Therefore, properties of those seeding
particles should be carefully considered to avoid significant discrepancies between fluid
flow and motion of seeding particles. These particles should be small enough to follow
the flow but large enough to reflect sufficient amount of light [Raffel et al., 1998].
Settling velocity (U) of the seeding particles can be calculated assuming the Stokes law
of drag,
U =
(ρps − ρf )dps2g
18µ
(2.5)
where dps and ρps are the diameter and density of the seeding particles respectively, and
µ and ρs are the fluid viscosity and fluid density. Settling velocity U of the particles needs
to be zero or at least negligibly small for them being able to be used with PIV.
A thorough knowledge regarding different seeding particle types can be obtained from
the paper by [Melling, 1997]. For most liquid flows, seeding can be done by mixing solid
particles into the fluid and mix them thoroughly to create a homogeneous distribution. A
wide variety of seeding materials matching these requirements are available. Examples
of seeding particles and their properties, for liquids and gases, are shown in Table 1
and Table 2.2, respectively ([Raffel et al., 1998]). The reflectivity of the particles can be
improved by means of metal coating. For example, metal coated hollow glass spheres
are often used in practice. Silver coated hollow glass spheres of approximately 10µm
diameter are shown in Figure 2.7 for two different magnifications.
Table 2.1: Seeding materials for liquid flows
Type Material Mean diameter in µm
Solid Polystyrene 10-100
Aluminium flakes 2-7
Hollow glass spheres 10-100
Granules for synthetic coatings 10-500
Liquid Different oils 50-500
Gaseous Oxygen bubbles 50-1000
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Table 2.2: Seeding materials for gas flows
Type Material Mean diameter in µm
Solid Polystyrene 0.5-10
Aluminium 2-7
Titania 0.1-5
Magnesium 2-5
Glass micro-balloons 30-100
Granules for synthetic coatings 10-50
Dioctyphathalate 1-10
Smoke ≤1
Different oils 0.5-10
Liquid Di-ethyl-hexyl-sebacate(DEHS) 0.5-1.5
Helium filled soap bubbles 1000-3000
Figure 2.7: Micrographs of silver coated hollow glass spheres as seen at the magnification
of 500 (left) and 5000 (right) [Raffel et al., 1998]
Also the light scattering characteristics of the particles should be considered. Although
larger particles scatter light more efficient, they will cause lager flow distortions than
smaller particles which affect the tracking of the fluid motion. Alternatively, the concen-
tration of particles can be increased, but this will increase the background noise of the
captured images. If the seeding density is too high, then particles start to overlap, and
speckle patterns can be seen in the images instead of individual particles ([Adrian, 1991]).
Conversely, if the seeding density is too low, due to low concentration of seeding parti-
cles, velocity information cannot be calculated in some areas of the flow field. Therefore,
it is necessary to find an optimum concentration to fullfill those requirements. For PIV
measurements using double pulsed systems, a concentration of at least 10 -15 particles
per Interrogation Window (IW) is recommended (Kane and Adrian 1990)
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2.4.3 Light source
Another important component of PIV is the way how seeding particles are illuminated by
means of a bright light sheet. The choice of the light source depends mostly on the the
velocity range and the size of the area under investigation. Most commonly, illumination
were done by pulsed lasers although they are expensive and bulky. The main advantage
of using a pulsed laser is that it can generate very short pulses of light at a high repetition
rate. Hence, lasers can be used to measure flows at high velocities. Several studies
have been implemented to investigate the possibility to replace laser with a high power
LED illumination system [3, 17, 2]. In those studies, this technique is widely discussed
and successfully used to measure the flow velocity in micro scale fields less than 10 mm
× 10 mm Field of View (FOV). [Estevadeordal and Goss, 2006] used particle shadow
velocimetry to expand the FOV to up to 25 mm. The advantage of those LED based
illumination systems is the low energy consumption, high safety procedures than laser
systems and low cost.
2.4.4 Camera, Lens and Imaging
Images of the seeding particles which follow the the flow is acquired by a high speed
camera. The most widely used recording devices for PIV applications are digital CCD or
C-MOS cameras. A comparison of the performance between these two cameras can be
found in [Hain et al., 2007] which shows that their suitability is different according to the
purpose. However, CCD sensors are more suitable for high precision measurements in
PIV than CMOS sensors [Hain et al., 2007].
19
Figure 2.8: Representation of image plane and object plane
As show in Figure 2.8, the object plane is the plane of the sample (either only fluid or
transparent medium plus fluid) illuminated by a light sheet with thickness δz. The image
plane is the place where the image is captured on the CCD sensor. The relationship
between the positions can be related as:
1/f = 1/do + 1/di (2.6)
where f is focal length, do is object position and di is image position. The camera lens
allows to change the image position either by manual adjustment or automatic adjustment.
The range of image position can be changed by using an extension tube to increase do
and thus to get closer to the object. Different Field of Views can be obtained by following
this procedure which also affects the magnification factor (M) defined as
M = di/do (2.7)
The accuracy of measurement results is also dependent on the particle diameter of the
seeding particles. The particle image diameter, which is the usual diamter of the particle
in the recoreded image, depends mainly on the focal length, f , the Magnification factor (M)
and seeding particle diameter (dps).
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Figure 2.9: Timing diagram of a straddled-frame CCD camera and a double-pulse LED
system
According to this configuration, particle image diameter, de, was calculated using
de =
√
M2d2ps + d
2
s (2.8)
where, ds is defined as ds=2.44f(M+1)λ, with λ being the aperture number of the lens.
Theoretical and numerical simulations [Raffel et al., 1998, Westerweel, 2000] show that
the measurement error can be minimized for particle image diameter between 2-3 pix-
els while smaller particle image diameters can cause the so-called peak locking effect
[Westerweel, 1997].
The beginning of the transition of exposure of image 1 to the exposure of image 2 can
be controlled using the pulse delay time (δt). During the transition from exposure 1 to
exposure 2 the image data is transferred to the the storage area of the CCD chip. This
process takes up the major time of the readout of one single frame. During that time,
the camera captures the second frame. In other words, the exposure time of the second
frame is equal to the readout time of the first frame. The timing diagram for a CCD camera
and light source, which are controlled by a synchronizer, is shown in Figure 2.9.
2.4.5 Image analysis
The main objective of the analysis of PIV recordings is the determination of the displace-
ment of the particles between two light pulses. In order to extract the displacement be-
tween two images the image area can be divided into smaller interrogation windows (IW)
which allows tracking the particle displacements for each window. The procedure for
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Figure 2.10: Velocity vector calculated procedure through cross-correlation for frame A
and B
the analysis of the particle images depends on the way how these images have been
recorded by the used camera. The following recording methods have been applied with
PIV:
1. Single frame / double exposure- two exposures of seeding particles are recorded on
a single frame.
2. Double frame / single exposure - two exposures are recorded on two frames.
Method (1) was widely used in earlier PIV systems and can be evaluated using auto-
correlation analysis. Due to direction ambiguity in the flow direction, method (2) has been
introduced with the improvement of digital imaging techniques. Modern digital cameras
and computers are able to capture separate frames for each exposure within a short time.
Those images can be evaluated for displacement vector analysis using cross-correlation
method ([Keane and Adrian, 1992]).
For this analysis the images are divided first into small sub areas called Interrogation
Windows (IW) as shown in Figure 2.10. It is assumed that all the seeding particles within
this IW move homogeneously between two light pulses with known time difference δt. The
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average displacement is calculated at each IW by means of cross-correlation method to
have a complete velocity map. In order to get reliable results of the particle displacement,
10 to 15 particles should be present inside the IW [Raffel et al., 1998]
The cross-correlation function (RAB) for two IWs of images A and B is define as
[Raffel et al., 1998];
RAB =
∑∑
A(i, j)×B(i+m, J + n) (2.9)
with A(i, j) and B(i, j) representing the image intensity distribution of frames A and B, m
and n represents the pixel offset between two images.
The best estimation of the displacement is characterised with a large peak for the cross-
correlation as show in Figure 2.10. Pulse delay time δt and interrogation window (IW)
size should be carefully chosen for each velocity gradient within an IW. Reducing the IW
size increases the spatial resolution, however, will lead to in plane particle loss due to the
particles moving out of the IW. Spurious velocity vectors can be found due to the lack of
particles in IW or out of plane displacement of the particles.
Finite size of this IWs introduce a bias errors in the evaluation of peak location. There-
fore it is important to consider the ratio between the largest and and smallest measurable
value (dynamic range) inside the IW. Modern PIV algorithms are based on window de-
formations. Window offset techniques can greatly reduce errors due to in-plane loss of
image pairs maintaining at the same time a good spatial resolution ([Westerweel, 1997]).
The disadvantage is the increasing computational effort.
Another parameter to consider during image analysis is the Signal-to-Noise Ratio (SNR)
of the correlation peak. SNR is defined as the peak value minus the average of the
correlation peak divided by the standard deviation. The SNR value is affected by the
particle image pair losses due to out of plane motion and velocity gradients. Errors due
to loss of image pairs are low if the SNR is small. On the other hand, if we use too small
values for δt between image frames, the dynamic range is reduced. Good practise it to
choose δt in a way that the particle displacement is smaller than one third of the IW size.
An important step of image analysis is the accurate location of the peak. Normally the
peak value within the cross-correlation domain can be measured to an integer value with
an uncertainty of ±0.5 pixel. This is not significant for uniform flow conditions without hav-
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ing large velocity gradients within the image. However, to capture maximum and minimum
velocities with an image which contains considerable velocity gradients, correlation peak
should be refined with sub-pixel accuracy [Raffel et al., 1998]. The three point Gaussian
curve fit peak finding method adopted by [Willert and Gharib, 1991], was used within the
study to achieve the sub-pixel accuracy.
The local displacement vector for each IW is identified by finding the dominant peak for
the correlation peak related to the particle displacement. Finding of this peak is highly af-
fected by the consistency of the image intensity. Hence, image pre-processing is done first
to improve the image quality. [Raffel et al., 1998, Adrian and Westerweel, 2011]. Lastly,
pixel displacement is converted into velocity vector based on magnification and time be-
tween two images. It is important to understand that the velocity measured by PIV is the
average velocity of all particles in the IW.
As shown in Figure 2.10 the computed cross-correlation value usually shows a large
peak that provides the best estimation for the displacement of the particles in the IW. The
information about the displacement and the time between two consecutive images allows
computing the mean velocity in one interrogation area.
2.5 Numerical studies
Internal erosion phenomenon can be studied through a collective knowledge of the
physics of porous medium behaviour and seepage flow through it. Soil skeleton is formed
by connecting grains and pore space with interconnected pathways make it possible for
fluid to pass through the medium. Internal erosion is initiated when fine particles de-
tach and transport by this flow by creating a bigger opening for the fluid. This type of local
changes trigger for move fine particles to detach and migrate though the coarse structure.
Analysis of this phenomena in micro-scale is a complex process which can be properly
addressed through various numerical tools.
Over the past decades, a lot of numerical studies can be found related to fluid flow
through a packed bed [Yang et al., 2013, Rong et al., 2013, 11, Zhu et al., 1999] Among
these, Discrete Element Method (DEM) proposed by [10], has been extensively used
to model the porous medium. Simulations based on DEM can be introduced micro-
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scale details that can not be addressed through continuum models [Steeb et al., 2007,
Vardoulakis, 2004]. DEM is capable of simulating the mechanics of the motion of thou-
sands of individual particles and their mechanical interactions simultaneously. The chal-
lenging task for this solid-fluid studies is to extend DEM for problems covering the inter-
action of the fluid with the solid particles.
From literature, Computational Fluid Dynamics (CFD) coupled with DEM has been
widely used for solid-fluid interaction studies [Kawaguchi et al., 1998, Tsuji et al., 1993,
El Shamy and Zeghal, 2005]. However, local fluid changes due to the fluid solid interac-
tion cannot be properly simulated through this method. [Zou et al., 2013] used Particle
Flow Method to study the erosion of base particles in to the filter material. Intruding depth
of the different base particles in to the filter layer under different hydraulic gradients has
been studied. The Lattice Boltzmann Method (LBM) has recently become an alternative
approach for simulating fluid flow on a pore scale, since it provides a force distribution
over the particles in a reasonably high resolution and has the capability of dealing with
complex geometries.
[Cui et al., 2014] used DEM and LBM to study the soil erosion in buried pipes. [15] used
coupled DEM-LBM for investigating hydraullicay induced contact erosion. This DEM-
LBM framework has the capability of tracking micro-scale properties of the solid and fluid
medium which is essential for studying the initiation of contact erosion. For this study
the extension of this framework which is described in following sections is used to for the
numerical analysis.
2.5.1 Discrete Element Method (DEM)
The Discrete Element Method (DEM) is one of the numerical tools which is used to
model the behaviour of granular materials. DEM was firstly proposed by Cundall [10]. It
is based on the description of materials as a collection of individual particles interacting
at contact points. Interactions between individual are identified through the overlap (see
Figure 2(b)) between particles. Tangential forces and normal forces due to interaction are
calculated through constitutive laws. For that purpose, a spring-dash pot model which
consider the normal and tangential stiffness is used. (Figure 2(a)). The main steps of
DEM algorithm are:
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(a) (b)
Figure 2.11: (a) Collision of two DEM particles with δ overlapping
(b) Spring model for DEM particles.
1. Generation of Particles and define initial conditions.
2. Collision detection.
3. Calculation of forces and moment using physical laws (Newton’s second law).
4. Calculation of new positions.
In DEM, material is modelled as an assembly of discrete particles. Most of the time spher-
ical particles were used to model granular particles. Recently more complex shaped ele-
ments such as polygons or sphero-polyhedran ( [Han et al., 2006]) have been introduced
to more realistic object modelling ( [12]). Generally the foreces acting on a DEM particle
can be considered as body forces, contact forces and fluid forces from the flowing fluid.
During each time step, interaction forces between contacted DEM particles are deter-
mined based on interactions laws. Finally, the velocities and displacements are updated
for the next time step. Contact of two particles is defined when two spheres are in contact
and overlapping length δn is defined. The normal contact force ~F n s calculated using
constant normal stiffness Kn and overlap δn.
~F n = Knδn~n, (2.10)
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where Kn is normal stiffness of the material.
Particles are allowed to rotate, and hence at the contact point, ~xc, (which is defined as
the middle point of the overlapping length), both particles have a relative velocity that
represents the relative displacement of the particle at that point. This relative velocity is
given by,
~vrel = ~Ω1 × (~xc − ~x1) + ~v1 − ~Ω2 × (~xc − ~x2)− ~v2 (2.11)
where ~Ωi, ~vi and ~xi are the angular velocity, velocity and centre of the i-th particle, re-
spectively. This relative velocity can be decomposed into normal ~vn and tangential ~vt
components. The tangential component is numerically integrated to obtain the tangential
displacement δt [Luding, 2008] and this displacement is used to calculate the tangential
force ~F t
~F t = Ktδt~t, (2.12)
where ~t = ~vt/vt and Kt is a tangential stiffness. To be physically correct, the tangential
force must be bounded by the Coulomb limit [Galindo-Torres et al., 2012], and so the
correct tangential force is
~F t = min(Ktδt, µFn)~t, (2.13)
which depends on the microscopic friction coefficient µ. Viscous forces, ~F v are also
added to dissipate the energy as
~F v = Gnmevn~n +Gtmevt~t (2.14)
where Gn and Gt are two dissipation constants for the normal and tangential directions
and me is the effective mass of the particle pair.
2.5.2 Lattice Boltzmann Method (LBM)
Lattice Boltzmann method is an approach in computational fluid dynamics for fluid simula-
tion. The method can easily represent complex physical phenomena of multiphase flows
including chemical interaction between the fluid and surroundings. LBM is originated from
the idea that the Boltzmann equation is discretised in space, time and velocity fields. Such
an idea gave birth to a numerical algorithm known as the Lattice Gas Automata ( [16]).
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(a) (b)
Figure 2.12: (a) LBM cell of the D3Q15 showing the direction of
each one of the 15 discrete velocities (b) DEM sphere interacting
with a LBM cell [12]
After one decade, the macroscopic Navier - Stokes equation was successfully recovered
from LGA with a symmetrical lattice ([Frisch et al., 1986]). Although this algorithm was
acceptable, it may be subject to statistical noise, resulting from a set of Boolean variables
used. To avoid this, density distribution function ([McNamara and Zanetti, 1988]) was in-
troduced. These equations, after simplification and enhancement, lead to introducing
LBM. [Chen et al., 1991], proposed a numerical method based on Boltzmann equations
using BGK (Bhatnagar-Gross-Krook) relaxation term in which a simple linear collision
operator is adopted which makes it more efficient and flexible.
A lattice is characterized by the notation DnQm in which ’n’ indicates the dimensions of
the lattice, and ’m’ represents the number of directions streaming from a lattice point along
which particles can move. In the present work three dimensional flow is modelled using
the D3Q15 scheme. During a particular time step, fluid mass can propagate from a node
with position x to any of 15 directions as shown in Figure 1(a). Possible fluid velocities
at each node are represented by vector ~ei and there are i=15 possible fluid velocities at
each node. The macroscopic density, ρ, at each cell position, x, can be determined by:
ρ(~x) =
15∑
i=0
fi(~x) (2.15)
Probability distribution function, fi, represents the density of fluid particles going through
one of the 15 discrete velocities, ei. Similarly, macroscopic velocity, ~u at each cell position
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~x is given by:
~u(~x) =
∑
15
i=0 fi(~x)~ei
ρ(~x)
(2.16)
The LBM solves the Lattice Boltzmann equation which is discretized in both the space
and velocity domains,
fi(~x+ ~eiδt, t+ δt) = fi(~x, t) + Ωcol, (2.17)
where Ωcol is a collision operator representing the relaxation process due to collision of
the fluid particles. The choice of Ωcol may vary for different applications. For the sake of
simplicity, the widely accepted Bhatnagar-Gross-Krook (BGK) operator, which features a
single relaxation time τ , is used for this study [Qian et al., 1992].
Ωcol =
δt
τ
(f eqi − fi) (2.18)
where f eqi is the local equilibrium distribution function. It has been shown that Navier-
Stokes equations for fluid flow [He and Luo, 1997] are recovered if f eqi has the form,
f eqi = ωiρ
(
1 + 3
~ei · ~u
C2
+
9(~ei · ~u)2
2C4
− 3u
2
2C2
)
(2.19)
The kinematic viscosity coefficient of the fluid, ν, can be determined as follows:
ν = (τ − 0.5) δ
2
x
3δt
(2.20)
In Equation 2.19, C refers to the characteristic lattice speed, which is defined as the ratio
of the lattice space, δx, to the LBM time step, δtlbm,
C =
δx
δt
(2.21)
Equation 2.20 shows the interdependence of the LBM time step, lattice space, fluid vis-
cosity and relaxation parameter which choice should be greater than 0.5 for the viscosity
to be physically correct. Changes in pressure, p, and density, ρ, are related by the equa-
tion of state;
p =
C2
3
ρ, (2.22)
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The parameter C is tuned in order to reach the incompressibility state of the fluid to ensure
minimum density fluctuations across the fluid.
2.5.3 Coupling of solid and fluid phase
For describing the interaction between two different phases (solid and fluid), the coupling
method implemented by [12] and [Owen et al., 2011] is applied for spherical particles.
The volume fraction ε intersected by a moving DEM particle was represented as shown
in Figure 1(b). Equation 2.17 was modified during the coupling procedure in order to
account for this ε.
fi(~x+ ~eiδt, t+ δt) = fi(~x, t) + (1− Bn)
(
δt
τ
(f eqi − fi)
)
+BnΩ
s
i , (2.23)
where Ωsi is a collision operator representing the change of momentum due to the
collision of the DEM sphere within the LBM cell and Bn is a weight coverage func-
tion [Owen et al., 2011] of the form,
Bn(ε) =
εn(τ/∆t− 1/2)
(1− εn) + (τ/∆t− 1/2)
. (2.24)
Although there are various methods to calculate the volume fraction, ε, of the DEM sphere
outside the edges of the LBM cell, [12] proposed a simple approach to calculate the vol-
ume fraction by considering the intersection length. The intersection length, le, is com-
puted for each of the 12 edges of the LBM cell (see Fig. 1(b)). It is then compared with
the total edge length to obtain the volume fraction,
ε =
∑
12
e=1 le
12δx
. (2.25)
More details regarding the coupled mechanism can be found in [12].
The total force, ~F , exerted on the DEM sphere is computed by superimposing the change
of momentum given by each of the cells that the sphere covers,
~F =
δ3x
δt
∑
n
Bn
(∑
i
Ωsi~ei
)
. (2.26)
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And consequently the torque, ~T , is,
~T =
δ3x
δt
∑
n
[
(~xn − ~xCM)× Bn
(∑
i
Ωsi~ei
)]
, (2.27)
Figure 4 shows the algorithm flow chart for the coupling of solid and fluid phases.
Figure 2.13: Algorithm for hydro-mechanical model
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Chapter 3
Summary of attached papers
3.1 Introduction
This chapter summarises the four papers incorporated into the thesis. Figure 1.1 shows
the interelation of the papers. While the first paper presents a purely numerical study,
all the other papers either introduce the experimental set-up or present measurement
results taken with the developed PIV system. The last paper uses additionally numerical
calculations to analyse experimental results and to provide new insight into the onset of
contact erosion.
Each paper includes a statement of the problem addressed by the paper, the research
aim, the approach used and the main contribution to satisfy the overall objective of the
thesis.
3.2 Paper 1
Harshani, H.M.D., Galindo-Torres, S., Scheuermann, A., Muhlhaus, H.B. (2015).
Micro-mechanical analysis on the onset of erosion in granular materials. Philosoph-
ical Magazine 95(28):1-21 DOI: 10.1080/14786435.2015.1049237
This paper describes the mechanisms leading to particle instability during the erosion
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process due to a vertical seepage flow. A three dimensional fully coupled numerical
model was developed using DEM and LBM with the aid of the method described by [12].
This model is capable of including mechanical interaction between grains, hydrodynamic
changes of fluid along interconnected pore spaces and hydro-mechanical interaction at
the solid-fluid boundary. The instability of the fine particles in a void formed by coarse
material was studied neglecting the mechanical effect from the coarse particles.
A granular soil packing of 2 mm diameter spherical particles was used to model the soil
layer, and a pressure gradient across the sample was monotonically increased until clear
translational movements of particles could be seen. In order to identify the onset of ero-
sion, micro-structural changes in the mechanical parameters of the particles at upper
layers of the soil packing were analysed. As soon as seepage force is applied, inter par-
ticle force and coordination number of the particles increased due to the force applied
by the fluid and interlocking of particles. With increasing time fluid force starts to lift the
particles in the upper layer of the sample creating local zones of high porosity.
An important outcome of this study is the observation that the first visible manifestation
of the onset of erosion is an increased angular movement of particles. This observation
was considered as evidence for the interlocking mechanism acting between particles.
Another important feature is the regular pattern of preferential movement of particles.
This study helped to identify key parameters which had to be considered for design of the
experimental apparatus.
3.3 Paper 2
Harshani, H.M.D., Galindo-Torres, S., Scheuermann, A., Muhlhaus, H.B. (2016).
Experimental study of porous media flow using hydro-gel beads and LED based
PIV. Measurement Science and Technology 28(1):015902 DOI: 10.1088/1361-
6501/28/1/015902
Due to the heterogeneous nature of the porous media, the initiation of particle movement
is affected by the shape of the local pore geometries and preferential flow channels along
those interconnected paths. Hence, it is important to carry out experiments which can
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measure flow conditions on the pore scale. Transparent soil was modelled by introducing
a solid and fluid with similar refraction index. This was achieved by replacing soil particles
with commercially available hydro-gel beads which have the same refractive index of wa-
ter. With the possibility of using water a more adaptable transparent medium was created
avoiding mediums such as mineral oil and glass beads, which would have required the
involvement of specialised equipment for running the test, e.g. for measuring the flow rate
of oil.
Then PIV technique, which gives instantaneous velocity measurements, was used to
measure the flow velocities inside the pore structure. Light Emitting Diodes (LED) are
used as the light source for the PIV system as an alternative to high power laser which is
very expensive. Selection of the seeding particles, accuracy of the transparent medium,
image recording procedure and image analysis procedure are clearly described in this
paper. The flow measurements of an empty channel using PIV and flow meter measure-
ments using a conventional flow meter were compared to check the accuracy of the PIV
measurements.
This laboratory experimental apparatus was used to study the flow behaviour in porous
media created by a mono-disperse packing. Comparable results from literature could be
obtained for longitudinal and transverse velocity distributions. Development of preferen-
tial flow channels, flow characteristics for different pore geometries, pore scale measure-
ments for the deviation of laminar flow were identified. Few limitations due to the use of
hydro-gel beads were discussed at the end of the paper. Apart from those limitations,
the presented results show the applicability of the used experimental set-up for measure-
ments of pore scale properties in porous medium. The advantages of the presented
method are the reduced occupational health and safety requirements connect to the LED
illumination system and the possibility of using water as fluid instead of mixtures of other
liquids.
3.4 Paper 3
Harshani, H.M.D., Galindo-Torres, S., Scheuermann, A. (2016) Characterisation of
flow conditions for contact erosion analysis using PIV. Paper presented at the 8th
International Conference on Scour and Erosion, Oxford, United Kingdom.
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After having thorough knowledge about PIV and porous flow measurements, the devel-
oped experimental set-up introduced in paper 2 was used to study the flow conditions at
the interface of the fine and coarse material where contact erosion would start. Seepage
flow was induced perpendicular to the interface of fine and coarse material layer, Due to
the porosity changes of this contact zone, flow characteristics cannot be predicted from
the macro-scale averaged properties. Spatial resolution of the images plays a major role
for micro scale flow characteristics. Two different FOVs were selected with 17 µ/pixel and
6.45 µ/pixel spatial resolutions for FOV1 and FOV2, respectively. This helped to scan
different pore structures with different spatial resolutions in order to track local flow char-
acteristics.
Preliminary studies showed that local flow variation is changing dramatically from fine
layer to interface area and coarse layer. Capturing of low, medium and high velocities
into one image was difficult with available image analysis methods. To capture those
characteristics within one frame, the correlation process should be optimised rather than
using a single pass correlation (Raffel et al. 2013). Thus a multi-pass interrogation system
combined with a grid refining system was introduced to reduce the loss of pairs of particles
within the IW.
Due to the unavailability of very small hydro-gel beads for the fine layer, 1 mm glass beads
were used to model the fine material layer. This limited the flow measurements only at
the coarse layer due to the optical opaque nature of the glass beads. Flow characteristics
just above the fine layer (transition region) have been analyzed and compared with the
flow in the coarse layer. It is interesting to see that a high flow seems to exist in the fine
layer which gradually decreases its velocity when entering the coarse layer. These jet-like
flow conditions may affect the stability of the fine particles. The flow existing in the fine
layer changes flow direction according to the constriction inlets which are formed by the
coarse particles.
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3.5 Paper 4
Harshani, H.M.D., Aminpour M., Galindo-Torres, S., Scheuermann, A. Pore scale
measurements for initiation of contact erosion, Computer and Geotechnics
Numerical simulations were used to link the flow conditions at the interface with the onset
of erosion. The numerical model developed for simulating contact erosion of a layered
porous medium was validated by comparing the simulated flow characteristics with mea-
sured results using PIV method. Physical experiments with the experimental set-up were
carried out to find the local flow velocity across 9 mm and 20 mm hydro-gel beads. In-
crease of the flow velocity at the interface due to the porosity change could be clearly
seen and was compared with results of the numerical simulation representing the same
conditions.
After validation, different conditions for contact erosion were simulated with respect to
particle combinations which can be considered as geometrically open. Initiation of particle
movement was identified through changes in the velocity of the fine particle layers near
the interface. Migration of fine particles into the pores of coarse material caused the
porosity at the contact zone to change.
Different models with several particle size combinations were considered to quantify
the effects of the hydraulic and geometrical conditions influencing the onset of erosion.
A dimensionless length ratio was defined as pore throat length/fine particle diameter
(Lp/Db). This length ratio was used to analyse the Froude number, which was used to
asses the flow conditions at the onset of erosion. The results show that there seems to
be a combination of hydraulic and geometrical conditions influencing the onset of erosion
depending on the pore throat size formed by the coarse particles. as a first hypothesis,
the initiation of fine particle dislodgement can be described in following way:
1< (Lp/Db)<2 dominated by geometrical conditions
2<(Lp/Db)<4 influenced by mechanical and geometrical conditions
(Lp/Db)>4 dominated by hydraulic conditions
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Chapter 4
Conclusion
4.1 Summary and conclusion
The aim of the presented research was the investigation of micro-scale parameters
causative for the initiation of contact erosion using a combination of physical experiments
and numerical simulations. To achieve this target, an experimental apparatus was devel-
oped to measure the pore scale parameters leading to instability of fine particles at the
interface from fine to coarse material. The developed set-up is more adaptable and with
reduced occupational risks since the PIV system uses a LED based illumination system
instead of laser. Furthermore, the application of hydro-gel beads as solid-phase of a sat-
urated porous medium allows the usage of water as the fluid phase instead of finely tuned
mixtures of other liquids which are highly vulnerable to change their optical properties with
changing temperature.
The experimental results were used to validate a numerical model based on the Discrete
Element Method (DEM) and Latticle Boltzmann Method(LBM) methods, which was used
to simulate contact erosion. Local porosity changes due to the initiation of fine particle
movements were observed, and the flow behaviour in this mixing zone was further studied
to understand the mechanisms of fine particle dislodgement. The hydro-geometrical effect
on the particle stability was analysed on the pore scale by scanning each pore shape. The
main outcomes of the study are presented in four papers which can be summarized as
follows:
Paper 1: Dislodging mechanisms leading to the onset of erosion were studied through
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coupled DEM-LBM simulations. Angular movement of the particles at the upper layer was
identified as the first visible manifestation of the onset of erosion.
Paper 2: A transparent soil model was developed together with PIV technique to visualize
the flow conditions inside porous medium. The use of hydro-gel beads and LED based
illumination helped to develop a more adaptable experimental set-up.
Paper 3: The developed experimental se-up was used to study the contact erosion phe-
nomena using several particle combinations. The image analysis algorithm was changed
due to the presence of high velocity gradients near the contact zone. The flow behaviour
above the fine layer was found to be locally unpredictable due to the porosity changes in
this region.
Paper 4: Experimental results were used to validate the numerical code in terms of flow
characteristics at the contact zone of fine to coarse material. Several numerical models
with different particle combinations were simulated. Mechanisms for the onset of contact
erosion were analysed in terms geometrical shape of the pore and flow characteristics
inside the pore.
Each paper describes the main research steps which were implemented to improve our
understanding of the mechanisms leading to the onset of contact erosion. The main
challenge was the development of the experimental set-up for pore scale measurements.
The use of hydro-gel beads as solid material comes along with some limitations and the
measures taken to prevent them can be summarized as follows:
(1) Hydro-gel beads tend to float in water due to the similar densities. As a
solution, a grid was placed at the both end of the sample to keep the beads in-place.
(2) Due to the mechanical loading and high velocities, hydro-gel beads tend to
deform and to change their shape. As a consequence, there are some limitations for the
use of high velocities. However, as the study concentrated only on the initiation process
of fine particle migration, these velocities have not been reached.
(3) Seeding particles tend to stick to the surface of hydro-gel beads after several
runs. This requires washing of the sample between the tests.
Apart from those limitations, the presented results show the applicability of this set-up to
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study the flow conditions leading to erosion. Selection of seeding particles, accuracy of
the Refractive Indexed Matching medium, particle displacement between two images, pre-
processing method and post processing procedure are some essential working steps and
items to ensure reliable results from the measurements. As all the measurements were
taken in a dark environment, the error due to noise was decreased. The development of a
new set-up is also connected with the purchase of individual items and the implementation
of saftey procedures as well as with manufacturing parts of the set-up which forms another
challenge of a research study as the one presented here.
The main achievements of this study can be summarised as follows:
(1) Materials which can be used to develop a transparent soil medium are intro-
duced and an experimental procedure using LED based PIV technique was developed.
Both, the use of hydro-gel beads in combination with water and the LED-based illumina-
tion system have proven themselves as a true and cost effective alternative when flow
behaviour in porous media is studied.
(2) Local variation of the flow velocity fields influenced by the heterogeneity of
the pore space is studied using two different scales. Formation of channels along the
interconnected pore paths and different flow conditions, like jet like flow, channel like flow
and imping flow, were identified inside a mono-disperse porous medium.
(3) Fully coupled DEM-LBM model validation was done using experimental
results. The numerical model was used to quantify the hydro-geometrical effects on
the onset of erosion. Based on the dimensionless length ratio defined by pore throat
length/fine particle diameter (Lp/Db) and the Froude number characterising the flow
conditions at the onset of erosion, three different stages for the hydraulic and geometric
conditions could be identified. Based on this consideration, following conditions could be
identified as causative for the onset of contact erosion:
1< (Lp/Db)<2 dominated by geometrical conditions
2<(Lp/Db)<4 influenced by mechanical and geometrical conditions
(Lp/Db)>4 dominated by hydraulic conditions
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4.2 Future research
One main contribution of the presented PhD research is the development of an alternative
experimental PIV set-up for investigating flow processes on the pore scale. The choice
of hydro-gel beads and water as refractive index matched media comes along with great
advantages, such as the possibility to use conventional measurement methods for mea-
suring discharge, but also with disadvantages in terms of possible particle size differences
and density differences between solid and fluid phases. Another important contribution
of the thesis is the observation and quantification of flow conditions at the transition zone
from fine base material into the coarse filter material. Based on numerical simulations,
these conditions have been investigated in detail for the situation when contact erosion
is initiated. The results highlight the competition between the hydraulic conditions driving
the dislodgement of particles and the geometric conditions defining the mechanical state
of the base material. At the same time, closer packed filter particles lead to more concen-
trated flow conditions in the pore-throat formed by filter particles. In dependency of the
normalised pore throat size of filter particles, three different conditions for the initiation of
contact erosion could be identified.
Based on these developments and findings, several opportunities for future research
are possible. Especially, the insights gained into flow conditions leading to and fostering
erosion offers the possibility to develop further exciting findings about the complicated
hydro-mechanical problem of erosion, especially with the new PIV measurement system.
Subsequent possible paths for future research can be identified.
(1) The existing experimental set-up is capable of visualizing two-dimensional
flow conditions inside the porous medium. By introducing another camera and synchro-
nizer, this set-up can be modified for tracking three-dimensional flow conditions. The
biggest challenge for this extension will be the extraction of true three-dimensional flow
fields. Another possible modification is the introduction of glass beads as the solid phase.
With this modification, smaller glass beads can be combined with larger filter particles,
which will allow the identification of the onset of erosion together with the observation
of the flow conditions in the fine base material, which is not possible at the moment.
However, the change in material of the solid phase requires the usage of another liquid
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creating an refractive index matched system of liquid and solid phase.
(2) Further experimental investigations with other filter / base combinations with
larger size differences will allow more detailed investigations of the flow conditions at the
intersection of the two layers. Furthermore, it will be possible to even mix different particle
sizes to investigate suffusion, which has not been done so far.
(3) The numerical code used in the frame of this theses allowed the detailed in-
vestigation of contact erosion. Other erosion phenomena, such as suffusion and filtration
can be investigated as well. An important step to produce results suitable for practical
problems would be on the one hand the introduction of non-spherical particles, which is
already possible with this code. On the other hand, up-scaling procedures are required
to apply the findings for design problems and within numerical codes on the continuum
scale.
Although contact erosion is an old problem well investigated in the past especially for the
development of mechanical and hydraulic criteria, there are still questions open related
to the onset of erosion and the hydraulic conditions leading to and prevailing during the
erosion process. The combination of PIV with computational methods for solving micro-
scale problems is ideal to gain more insight into the underlying fundamental processes
governing internal erosion. The presented research has provided one important step
towards a more fundamental research into a new generation internal erosion research on
the micro-scale, which has already started with other comparable research initiatives on
national and international level.
41
References
[Adrian, 1991] Adrian, R. J. (1991). Particle-imaging techniques for experimental fluid
mechanics. Annual review of fluid mechanics, 23(1):261–304.
[Adrian, 2005] Adrian, R. J. (2005). Twenty years of particle image velocimetry. Experi-
ments in fluids, 39(2):159–169.
[Adrian and Westerweel, 2011] Adrian, R. J. and Westerweel, J. (2011). Particle image
velocimetry. Number 30. Cambridge University Press.
[Arulanandan et al., 1980] Arulanandan, K., Gillogley, E., and Tully, R. (1980). Develop-
ment of a quantitative method to predict critical shear stress and rate of erosion of
natural undisturbed cohesive soils. Technical report, DTIC Document.
[Arulanandan and Perry, 1983] Arulanandan, K. and Perry, E. B. (1983). Erosion in re-
lation to filter design criteria in earth dams. Journal of Geotechnical Engineering,
109(5):682–698.
[Beguin et al., 2012] Beguin, R., Philippe, P., and Faure, Y.-H. (2012). Pore-scale flow
measurements at the interface between a sandy layer and a model porous medium:
Application to statistical modeling of contact erosion. Journal of Hydraulic Engineering,
139(1):1–11.
[Bertram, 1940] Bertram, G. E. (1940). An experimental investigation of protective filters.
[Bonelli, 2013] Bonelli, S. (2013). Erosion in geomechanics applied to dams and levees.
John Wiley & Sons.
[Buchmann et al., 2012] Buchmann, N. A., Willert, C. E., and Soria, J. (2012). Pulsed,
high-power led illumination for tomographic particle image velocimetry. Experiments in
fluids, 53(5):1545–1560.
[Budwig, 1994] Budwig, R. (1994). Refractive index matching methods for liquid flow
investigations. Experiments in fluids, 17(5):350–355.
[Byron and Variano, 2013] Byron, M. L. and Variano, E. A. (2013). Refractive-index-
matched hydrogel materials for measuring flow-structure interactions. Experiments in
fluids, 54(2):1–6.
42
[Chang et al., 2014] Chang, D., Zhang, L., and Cheuk, J. (2014). Mechanical conse-
quences of internal soil erosion. HKIE Transactions, 21(4):198–208.
[Chen et al., 1991] Chen, S., Chen, H., Martnez, D., and Matthaeus, W. (1991). Lattice
boltzmann model for simulation of magnetohydrodynamics. Physical Review Letters,
67(27):3776.
[Chételat and Kim, 2002] Chételat, O. and Kim, K. C. (2002). Miniature particle image
velocimetry system with led in-line illumination. Measurement Science and Technology,
13(7):1006.
[Cui et al., 2014] Cui, X., Li, J., Chan, A., and Chapman, D. (2014). Coupled dem–
lbm simulation of internal fluidisation induced by a leaking pipe. Powder Technology,
254:299–306.
[Cundall and Strack, 1979] Cundall, P. A. and Strack, O. D. (1979). A discrete numerical
model for granular assemblies. Geotechnique, 29(1):47–65.
[Cyril et al., 2009] Cyril, G., Yves-Henri, F., Rémi, B., and Chia-Chun, H. (2009). Con-
tact erosion at the interface between granular coarse soil and various base soils under
tangential flow condition. Journal of geotechnical and geoenvironmental engineering,
136(5):741–750.
[Dijksman et al., 2012] Dijksman, J. A., Rietz, F., Lo˝rincz, K. A., van Hecke, M., and
Losert, W. (2012). Invited article: Refractive index matched scanning of dense granular
materials. Review of Scientific Instruments, 83(1):011301.
[Dybbs and Edwards, 1984] Dybbs, A. and Edwards, R. (1984). A new look at porous
media fluid mechanicsâA˘Tˇdarcy to turbulent. In Fundamentals of transport phenomena
in porous media, pages 199–256. Springer.
[El Shamy and Aydin, 2008] El Shamy, U. and Aydin, F. (2008). Multiscale modeling of
flood-induced piping in river levees. Journal of Geotechnical and Geoenvironmental
Engineering, 134(9):1385–1398.
[El Shamy and Zeghal, 2005] El Shamy, U. and Zeghal, M. (2005). Coupled continuum-
discrete model for saturated granular soils. Journal of engineering mechanics,
43
131(4):413–426.
[Estevadeordal and Goss, 2006] Estevadeordal, J. and Goss, L. (2006). Particle shadow
velocimetry. US Patent App. 11/350,472.
[Fell and Fry, 2007] Fell, R. and Fry, J. J. (2007). Internal Erosion of Dams and Their
Foundations: Selected Papers from the Workshop on Internal Erosionand Piping of
Dams and Their Foundations, Aussois, France, 25-27 April 2005. Taylor & Francis
Group.
[Foster and Fell, 2001] Foster, M. and Fell, R. (2001). Assessing embankment dam fil-
ters that do not satisfy design criteria. Journal of Geotechnical and Geoenvironmental
Engineering, 127(5):398–407.
[Foster et al., 2000] Foster, M., Fell, R., and Spannagle, M. (2000). The statistics of em-
bankment dam failures and accidents. Canadian Geotechnical Journal, 37(5):1000–
1024.
[Foster and Fell, 1999] Foster, M. A. and Fell, R. (1999). A framework for estimating the
probability of failure of embankment dams by piping using event tree methods. Univer-
sity of New South Wales, School of Civil and Environmental Engineering.
[Frisch et al., 1986] Frisch, U., Hasslacher, B., and Pomeau, Y. (1986). Lattice-gas au-
tomata for the navier-stokes equation. Physical review letters, 56(14):1505.
[Galindo-Torres, 2013] Galindo-Torres, S. (2013). A coupled discrete element lattice
boltzmann method for the simulation of fluid–solid interaction with particles of general
shapes. Computer Methods in Applied Mechanics and Engineering, 265:107–119.
[Galindo-Torres et al., 2012] Galindo-Torres, S., Pedroso, D., Williams, D., and Li, L.
(2012). Breaking processes in three-dimensional bonded granular materials with gen-
eral shapes. Computer Physics Communications, 183(2):266–277.
[Galindo-Torres et al., 2015] Galindo-Torres, S., Scheuermann, A., Mühlhaus, H., and
Williams, D. (2015). A micro-mechanical approach for the study of contact erosion.
Acta Geotechnica, 10(3):357–368.
44
[Giese et al., 1998] Giese, M., Rottschäfer, K., and Vortmeyer, D. (1998). Measured
and modeled superficial flow profiles in packed beds with liquid flow. AIChE Journal,
44(2):484–490.
[Grant, 1997] Grant, I. (1997). Particle image velocimetry: a review. Proceedings of
the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science, 211(1):55–76.
[Hain et al., 2007] Hain, R., Kähler, C. J., and Tropea, C. (2007). Comparison of ccd,
cmos and intensified cameras. Experiments in fluids, 42(3):403–411.
[Han et al., 2006] Han, K., Feng, Y., and Owen, D. (2006). Polygon-based contact res-
olution for superquadrics. International journal for numerical methods in engineering,
66(3):485–501.
[Hanson and Cook, 2004] Hanson, G. and Cook, K. (2004). Apparatus, test procedures,
and analytical methods to measure soil erodibility in situ. Applied engineering in agri-
culture, 20(4):455–462.
[Hardy et al., 1976] Hardy, J., De Pazzis, O., and Pomeau, Y. (1976). Molecular dynamics
of a classical lattice gas: Transport properties and time correlation functions. Physical
review A, 13(5):1949.
[He and Luo, 1997] He, X. and Luo, L.-S. (1997). Lattice boltzmann model for the incom-
pressible navier–stokes equation. Journal of statistical Physics, 88(3):927–944.
[Huang et al., 2008] Huang, A. Y., Huang, M. Y., Capart, H., and Chen, R.-H. (2008).
Optical measurements of pore geometry and fluid velocity in a bed of irregularly packed
spheres. Experiments in Fluids, 45(2):309–321.
[Indraratna et al., 2007] Indraratna, B., Raut, A. K., and Khabbaz, H. (2007). Constriction-
based retention criterion for granular filter design. Journal of Geotechnical and Geoen-
vironmental Engineering, 133(3):266–276.
[Kawaguchi et al., 1998] Kawaguchi, T., Tanaka, T., and Tsuji, Y. (1998). Numerical simu-
lation of two-dimensional fluidized beds using the discrete element method (comparison
between the two-and three-dimensional models). Powder technology, 96(2):129–138.
45
[Keane and Adrian, 1992] Keane, R. D. and Adrian, R. J. (1992). Theory of cross-
correlation analysis of piv images. Applied scientific research, 49(3):191–215.
[Kenney and Lau, 1985] Kenney, T. and Lau, D. (1985). Internal stability of granular filters.
Canadian geotechnical journal, 22(2):215–225.
[Lo et al., 2009] Lo, H.-C., Tabe, K., Iskander, M., and Yoon, S.-H. (2009). A transparent
water-based polymer for simulating multiphase flow.
[Lone et al., 2005] Lone, M., Hussain, B., and Asawa, G. (2005). Filter design criteria for
graded cohesionless bases. Journal of geotechnical and geoenvironmental engineer-
ing, 131(2):251–259.
[Luding, 2008] Luding, S. (2008). Cohesive, frictional powders: contact models for ten-
sion. Granular matter, 10(4):235.
[Magnico, 2003] Magnico, P. (2003). Hydrodynamic and transport properties of packed
beds in small tube-to-sphere diameter ratio: pore scale simulation using an eulerian
and a lagrangian approach. Chemical engineering science, 58(22):5005–5024.
[Masch and Espey Jr, 1965] Masch, F. D. and Espey Jr, W. H. (1965). Measurements of
the shear resistance of cohesive sediments. Miscellaneous Publication, (970):151.
[McNamara and Zanetti, 1988] McNamara, G. R. and Zanetti, G. (1988). Use of the boltz-
mann equation to simulate lattice-gas automata. Physical Review Letters, 61(20):2332.
[Melling, 1997] Melling, A. (1997). Tracer particles and seeding for particle image ve-
locimetry. Measurement Science and Technology, 8(12):1406.
[Moroni and Cushman, 2001] Moroni, M. and Cushman, J. H. (2001). Statistical me-
chanics with three-dimensional particle tracking velocimetry experiments in the study
of anomalous dispersion. ii. experiments. Physics of Fluids (1994-present), 13(1):81–
91.
[Northrup et al., 1991] Northrup, M. A., Kulp, T. J., and Angel, S. M. (1991). Fluores-
cent particle image velocimetry: application to flow measurement in refractive index-
matched porous media. Applied optics, 30(21):3034–3040.
46
[Oñate et al., 2006] Oñate, E., Celigueta, M. A., and Idelsohn, S. R. (2006). Modeling bed
erosion in free surface flows by the particle finite element method. Acta Geotechnica,
1(4):237–252.
[Owen et al., 2011] Owen, D., Leonardi, C., and Feng, Y. (2011). An efficient framework
for fluid–structure interaction using the lattice boltzmann method and immersed moving
boundaries. International Journal for Numerical Methods in Engineering, 87(1-5):66–
95.
[Patil and Liburdy, 2013a] Patil, V. A. and Liburdy, J. A. (2013a). Flow characterization us-
ing piv measurements in a low aspect ratio randomly packed porous bed. Experiments
in fluids, 54(4):1–19.
[Patil and Liburdy, 2013b] Patil, V. A. and Liburdy, J. A. (2013b). Turbulent flow character-
istics in a randomly packed porous bed based on particle image velocimetry measure-
ments. Physics of Fluids (1994-present), 25(4):043304.
[Peurrung et al., 1995] Peurrung, L. M., Rashidi, M., and Kulp, T. J. (1995). Measurement
of porous medium velocity fields and their volumetric averaging characteristics using
particle tracking velocimetry. Chemical Engineering Science, 50(14):2243–2253.
[Pinettes et al., 2011] Pinettes, P., Courivaud, J.-R., Fry, J., Mercier, F., and Bonelli, S.
(2011). First introduction of greg hansonâA˘Z´s «jet erosion test» in europe: return on
experience after 2 years of testing. In USSD annual meeting.
[Qian et al., 1992] Qian, Y., d’Humières, D., and Lallemand, P. (1992). Lattice bgk models
for navier-stokes equation. EPL (Europhysics Letters), 17(6):479.
[Raffel et al., 1998] Raffel, M., Willert, C. E., and Kompenhans, J. (1998). Particle image
velocimetry: a practical guide.
[Richards and Reddy, 2007] Richards, K. S. and Reddy, K. R. (2007). Critical appraisal
of piping phenomena in earth dams. Bulletin of Engineering Geology and the Environ-
ment, 66(4):381–402.
[Rong et al., 2013] Rong, L. W., Dong, K., and Yu, A. (2013). Lattice-boltzmann simula-
tion of fluid flow through packed beds of uniform spheres: Effect of porosity. Chemical
47
Engineering Science, 99:44–58.
[Saleh et al., 1993] Saleh, S., Thovert, J., and Adler, P. (1993). Flow along porous media
by partical image velocimetry. AIChE journal, 39(11):1765–1776.
[San Lim and Khalili, 2009] San Lim, S. and Khalili, N. (2009). An improved rotating cylin-
der test design for laboratory measurement of erosion in clayey soils.
[Scheuermann et al., 2012] Scheuermann, A., Muehlhaus, H.-B., Bittner, T., and Bieber-
stein, A. (2012). Measurement of porosity distributions during erosion experiments
using spatial time domain reflectometry (spatial tdr). In 6th International Conference on
Scour and Erosion (ICSE-6), pages 94–101. Société Hydrotechnique de France (SHF).
[Schuler and Brauns, 1993] Schuler, U. and Brauns, J. (1993). Behaviour of coarse and
well-graded filters. Filters in Geotechnical and Hydraulic Engineering, pages 3–18.
[Schürenkamp et al., 2014] Schürenkamp, D., Oumeraci, H., Kayser, J., and Karl, F.
(2014). Numerical and laboratory experiments on stability of granular filters in marine
environment. Coastal Engineering Proceedings, 1(34):17.
[Shamy, 2004] Shamy, U. E. (2004). A coupled continuum fluid-discrete particle hydro-
mechanical model for granular soil liquefaction. PhD thesis, PhD Thesis, Rensselaer
Polytechnic Institute, Troy, NY.
[Sherard and Dunnigan, 1989] Sherard, J. L. and Dunnigan, L. P. (1989). Critical filters
for impervious soils. Journal of Geotechnical Engineering, 115(7):927–947.
[Sherard et al., 1984] Sherard, J. L., Dunnigan, L. P., and Talbot, J. R. (1984). Basic
properties of sand and gravel filters. Journal of Geotechnical Engineering, 110(6):684–
700.
[Skempton and Brogan, 1994] Skempton, A. and Brogan, J. (1994). Experiments on pip-
ing in sandy gravels. Geotechnique, 44(3):449–460.
[Steeb et al., 2007] Steeb, H., Diebels, S., and Vardoulakis, I. (2007). Modeling internal
erosion in porous media. Geotechnical Special Publication, 157.
48
[Tsuji et al., 1993] Tsuji, Y., Kawaguchi, T., and Tanaka, T. (1993). Discrete particle sim-
ulation of two-dimensional fluidized bed. Powder technology, 77(1):79–87.
[Vardoulakis, 2004] Vardoulakis, I. (2004). Fluidisation in artesian flow conditions: Hy-
dromechanically stable granular media. Géotechnique, 54(2):117–130.
[Wahl and Erdogan, 2008] Wahl, T. L. and Erdogan, Z. (2008). Determining erosion in-
dices of cohesive soils with the hole erosion test and jet erosion test. US Department
of Interior, Bureau of Reclamation, Technical Service Center.
[Wahl et al., 2008] Wahl, T. L., Hanson, G. J., Courivaud, J.-R., Morris, M. W., Kahawita,
R., McClenathan, J. T., and Gee, D. M. (2008). Development of next-generation em-
bankment dam breach models. In Proceedings of the Annual 28th UnitedStates Society
on Dams (USSD) Conference, Portland, Oregon, pages 767–779.
[Wan and Fell, 2002] Wan, C. F. and Fell, R. (2002). Investigation of internal erosion and
piping of soils in embankment dams by the soil slot erosion test and the hole erosion
test. University of New South Wales, School of Civil and Environmental Engineering.
[Wan and Fell, 2004] Wan, C. F. and Fell, R. (2004). Investigation of rate of erosion of
soils in embankment dams. Journal of geotechnical and geoenvironmental engineering,
130(4):373–380.
[Weitzman et al., 2014] Weitzman, J. S., Samuel, L. C., Craig, A. E., Zeller, R. B., Moni-
smith, S. G., and Koseff, J. R. (2014). On the use of refractive-index-matched hydrogel
for fluid velocity measurement within and around geometrically complex solid obstruc-
tions. Experiments in Fluids, 55(12):1–12.
[Westerweel, 1997] Westerweel, J. (1997). Fundamentals of digital particle image ve-
locimetry. Measurement science and technology, 8(12):1379.
[Westerweel, 2000] Westerweel, J. (2000). Theoretical analysis of the measurement pre-
cision in particle image velocimetry. Experiments in Fluids, 29:S003–S012.
[Wiederseiner et al., 2011] Wiederseiner, S., Andreini, N., Epely-Chauvin, G., and Ancey,
C. (2011). Refractive-index and density matching in concentrated particle suspensions:
a review. Experiments in fluids, 50(5):1183–1206.
49
[Willert et al., 2010] Willert, C., Stasicki, B., Klinner, J., and Moessner, S. (2010). Pulsed
operation of high-power light emitting diodes for imaging flow velocimetry. Measurement
Science and Technology, 21(7):075402.
[Willert and Gharib, 1991] Willert, C. E. and Gharib, M. (1991). Digital particle image
velocimetry. Experiments in fluids, 10(4):181–193.
[Wörman and Olafsdottir, 1992] Wörman, A. and Olafsdottir, R. (1992). Erosion in a gran-
ular medium interface. Journal of Hydraulic Research, 30(5):639–655.
[Yang et al., 2013] Yang, X., Scheibe, T. D., Richmond, M. C., Perkins, W. A., Vogt, S. J.,
Codd, S. L., Seymour, J. D., and McKinley, M. I. (2013). Direct numerical simulation of
pore-scale flow in a bead pack: Comparison with magnetic resonance imaging obser-
vations. Advances in Water Resources, 54:228–241.
[Zhu et al., 1999] Zhu, Y., Fox, P. J., and Morris, J. P. (1999). A pore-scale numerical
model for flow through porous media. International journal for numerical and analytical
methods in geomechanics, 23(9):881–904.
[Zou et al., 2013] Zou, Y.-H., Chen, Q., Chen, X.-Q., and Cui, P. (2013). Discrete nu-
merical modeling of particle transport in granular filters. Computers and Geotechnics,
47:48–56.
50
Appendices - Incorporated papers
51
Attached Paper 1
Harshani, H.M.D., Galindo-Torres, S., Scheuermann, A., Muhlhaus, H.B. (2015). Micro-
mechanical analysis on the onset of erosion in granular materials. Philosophical Maga-
zine 95(28):1-21 DOI: 10.1080/14786435.2015.1049237
This is an author-created, un-copyedited version of an article published in the Philosoph-
ical Magazine. The publisher is not responsible for any errors or omissions in this version
of the manuscript or any version derived from it. The Version of Record is available online
at DOI: 10.1080/14786435.2015.1049237
Micro-mechanical analysis on the onset of erosion in granular
materials
H.M.D.Harshania∗1 S.A.Galindo-Torresa A.Scheuermanna and H.B. Muhlhausb
aSchool of Civil Engineering, The University of Queensland, Australia,
bSchool of Earth Sciences, The University of Queensland, Australia
1∗Corresponding author. Email: h.harshani@uq.edu.au
Aabstract: The onset of internal erosion is a particle level phenomenon, and therefore, a
numerical model capable of tracking the behaviour of particles at micro-scale is needed
to exemplify most of the critical variables involved in the process. In this paper, a three
dimensional fully coupled fluid-solid model was utilized to explore the initiation of erosion.
Particles were modelled on a micro-scale using the Discrete Element Method (DEM)
while the fluid was modelled at a meso-scale using the Lattice Boltzmann Method (LBM).
Fluid was passed through a solid matrix in an opposing direction to gravity with the pore
water pressure controlled in step-wise stages until internal erosion or bulk movement of
the particles developed and progressed. The model was validated through experimental
results found in the literature. Once validated, particle fluid properties were analyzed for
the onset of erosion. Determination of a critical hydraulic gradient was obtained from the
modelled scenario, which gave clear evidence that the coupled DEM-LBM scheme is a
very effective tool for studying internal erosion phenomena in water retaining structures.
Keywords: Piping erosion, Lattice Boltzmann Method (LBM), Discrete Element Method
(DEM), critical hydraulic gradient
1 Introduction
Internal erosion is the loosening, detachment and transport of fine particles through the
pore structure of a coarse material due to seepage flow. The ongoing erosion and trans-
port of particles along a flow path may lead to initiation and progressive development of
internal deformation of the particle structure leading to critical situations for the stability of
the overall construction. This phenomenon occurs mainly within water retaining structures
such as embankment dams, levees and dikes built with geo-materials [1], but it can also
take place in the foundation of structures that are, frequently composed of alluvial soils.
Dysfunctions of these water retaining structures due to internal erosion processes have
been reported to account for the failure of approximately half of the embankment dams
and levees throughout the world [3]. These internal erosion mechanisms appear in sev-
eral forms, including piping, concentrated leak erosion, contact erosion and suffusion [2].
The onset of any kind of erosion process is dependent on the hydraulic, mechanical and
Figure 1: Initiation of contact erosion mechanism at micro-scale.
geometrical conditions on the particle scale. The mechanisms involved in the process
of erosion include mechanical interaction between grains, hydrodynamic changes of fluid
along the channels formed by the interconnected pore space and hydro-mechanical inter-
action at the solid-fluid boundary. The initiation of translational and rotational movement
of solid particles due to these processes can be studied only through models represent-
ing and allowing the observation of processes and changes of properties on the particle
scale. Physical experiments can be conducted on the particle scale using solids and
fluid, which are refractive index matched, combined with Particle Imaging Velocimetry to
determine the flow field in the pores formed by the solid grains [4]. However, in these
kinds of tests certain micro-scale material properties or reactions are not assessable or
observable. To fill this gap, micro-scale numerical models can be used not only to track
movement and forces applied on individual particles, but also to quantitatively study the
interaction between driving fluid flow and particle reaction during the erosion process.
The Discrete Element Method (DEM) is one of the numerical tools which can be used to
model the behaviour of granular materials. DEM was first proposed by Cundall and Strack
in the 1970s [5]. It is based on the description of the material behaviour as a collection
of individual particles interacting at contact points. Although the computational cost of
DEM is significant, it has already been applied to many geotechnical engineering prob-
lems [5, 6, 7, 8]. The challenging task for the considered problem of erosion is to extend
DEM for problems covering the interaction of the fluid with the solid particles [9]. Several
methods have been developed and presented in literature to account for the interaction
between fluid and solids on the macro scale. However, the local discontinuous nature of
the material is usually not considered [10, 11, 12]. EI Shamy and Zegal [13] developed
a coupled continuum discrete model for saturated granular soil which idealized the fluid
motion using an averaged Navier-Stokes equation. Simulation results have shown the
complex response patterns during the onset of quicksand conditions and have provided
valuable information about the associated mechanisms. In their method the fluid equa-
tions of motion are solved by a standard Computational Fluid Dynamics (CFD) model
which is based on the Eulerian formulation. Fluidisation of soil and piping were simulated
using the coupled flow method of Xiao and Yuan [14]. The numerical results of this model
were found to be consistent with published experimental results. However, the coupling
of conventional CFD models with discrete methods, such as the DEM, can be challenging
in terms of realistically applying the drag and bouyancy forces from the CFD on the DEM
particles.
The Lattice Boltzmann Method (LBM) has recently become an alternative approach for
simulating fluid flow on a pore scale, since it provides a force distribution over the parti-
cles in a reasonably high resolution and has the capability of dealing with complex ge-
ometries. Fluid is modelled by a probabilistic density of particles that move on a regular
lattice to adjacent points and then re-distribute their momentum in subsequent collisions.
The hydrodynamic interaction of the fluid with the solid phase is introduced through the
coupling of LBM and DEM. It has been shown that the coupling reproduces both the drag
and bouyancy forces due to the fluid [15]. Derksen [16], Lomine et al. [17] and Abdel-
hamid and EI Shamy [18] simulated particle erosion by using LBM coupled with DEM. The
initiation and development of the internal erosion process also has been analyzed using
continuum models at the macro scale [19]. However, it is extremely difficult to introduce
processes occurring at the micro-scale in these models.
In the present study, a DEM/LBM method of Galindo-Torres et al. [15] is used for investi-
gating hydraulically induced contact erosion with the focus on identifying changes in the
assembly of particles subject to erosion showing the start or onset of the erosion process.
For this purpose, the study focusses on the processes taking place in the voids formed
by the coarse fraction sitting on top of a layer of the fine-grained soil (Figure 1). In order
to exclude mechanical influence from coarse particles and to create a computationally
effective model, the study concentrates on an assembly of fine particles at the interface
from fine to coarse layers. This simplification introduces an assumption, which needs to
be mentioned, namely that the movement of fine particles is geometrically unhindered by
the presence of coarse particles. The content of this paper is organized as follows. In
Section 2, the principles of the LBM and DEM methods are described. In the third section
the developed model is introduced, and its validation is presented in Section 4. Results
and discussion of the present work are described in Section 5. Conclusions and future
research directions are summarized in the last section.
2 Method
2.1 Discrete Element Method
The DEM has been extensively used to study soil and rock mechanics [15] [20]. In DEM
models, particles are idealized using discrete spheres, ellipsoids or other three dimen-
sional shapes. Although most researchers use spherical particles to reduce the complex-
ity of contact detection, more complex shaped elements such as polygons or spheropoly-
hedra [21] have also been used [22].
In this study, spherical particles are used to model the packing of the solid phase, and
forces acting on a particle in the system consist of forces arising at the contacts with
neighbouring particles (fc,ij), gravitational force (mig) and forces exerted by the fluid flow
(fpf ,i). The governing equation for a particle, i, with radius, Ri, mass, mi, which has
translational and rotational motion can be written as,
mi
dvi
dt
= fpf,i +
kc∑
j=1
(fc,ij) +mig (1)
Ii
dwi
dt
=
kc∑
j=1
(Tt,ij + Tr,ij) (2)
where vi and wi are translational and angular velocities, respectively, Ii is the moment of
inertia, and kc is the number of particles interacting with the particle. The torque acting
on particle i by particle j consists of two components: Tt,ij, generated by the tangential
force, and Tr,ij, commonly known as the rolling friction torque. In the first stage of the
algorithm, inter-particle contact forces (fc,ij) can be decomposed into a normal force Fn
and a tangential force Ft, which are calculated by contact laws that are a direct function
of grain stiffness properties and relative movements at the contacts.
Fn = Knδnnˆ (3)
where δn is the overlapping length, Kn (Figure 2(a)) is the normal stiffness of the material
and −→n is the unit vector normal to the contact plane.
Particles are allowed to rotate, and hence at the contact point, xc, (which is defined as
the middle point of the overlapping length), both particles have a relative velocity that
represents the relative displacement of the particle at that point. This relative velocity
(vrel) is given by,
vrel = Ω1 × (xc − x1) + v1 − Ω2 × (xc − x2)− v2 (4)
where Ωi, vi and xi are the angular velocity, velocity and centre of the i-th particle, re-
spectively. This relative velocity can be decomposed into normal vn and tangential vt
components. The tangential component given by Equation 6 is numerically integrated to
obtain the tangential displacement δt [23] and this displacement is used to calculate the
tangential force Ft,
Ft = Ktδttˆ (5)
vt = vrel − (vrel.nˆ)nˆ (6)
where tˆ = vt/vt and Kt is a tangential stiffness. This elastic tangential force represents
the effect of static friction in the absence of roughness of the spherical particles. To be
physically correct, the tangential force must be bounded by the Coulomb limit [24], and so
the correct tangential force is
Ft = min(Ktδt, µFn)ˆt (7)
which depends on the microscopic friction coefficient µ.
For every time step of the computation, interaction forces between particles and the result-
ing forces acting on them, are deduced from the spheres’ position through the interaction
laws. At the second stage, Newtons second law is integrated to compute the new posi-
tions and orientations of spheres. Contact between two particles is shown in Figure 2(b)
and the deformation corresponds to an overlap, δ. The particles are in collision when the
distance between particles, rij, is less than the sum of the radii of two particles in contact
(Ri + Rj).
(a) (b)
Figure 2: (a) Spring model for DEM particles. (b) Collision of two
DEM particles with δ overlapping.
2.2 Lattice Boltzmann Method
The LBM originated as an extension of the Lattice Gas Automata (LGA) [25]. Unlike
the traditional macro level Navier-Stokes equation where fluid is treated as a continuum,
the LBM regards fluid as particles which perform consecutive streaming and collision
processes over a discrete lattice [26]. A lattice is characterized by the notation DnQm
in which ’n’ indicates the dimensions of the lattice, and ’m’ represents the number of
directions streaming from a lattice point along which particles can move. In the present
work three dimensional flow is modelled using the D3Q15 scheme. During a particular
time step, fluid mass can propagate from a node with position x to any of 15 directions as
shown in Figure 3(a). Possible fluid velocities at each node are represented by vector ei
and there are i=15 possible fluid velocities at each node. The macroscopic density, ρ, at
each cell position, x, can be determined by:
ρ(x) = Σ15i=0fi(x) (8)
Probability distribution function, fi, represents the density of fluid particles going through
one of the 15 discrete velocities, ei. Similarly, macroscopic velocity, u, at each cell posi-
tion, x, is given by:
u(x) =
Σ15i=0fi(x)ei
ρ(x)
(9)
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Figure 3: (a) LBM cell of the D3Q15 showing the direction of each
one of the 15 discrete velocities. (b) DEM sphere interacting with
an LBM cell (Galindo-Torres et al. [15]).
The LBM solves the Lattice Boltzmann equation which is discretized in both the space
and velocity domains,
fi(x+ eiδt, t+ δt) = fi(x, t) + Ωcol (10)
where Ωcol is a collision operator representing the relaxation process due to collision of
the fluid particles. The choice of Ωcol may vary for different applications. For the sake of
simplicity, the widely accepted Bhatnagar-Gross-Krook (BGK) operator, which features a
single relaxation time τ , is used for this study [27].
Ωcol =
δt
τ
(f eqi − fi) (11)
where f eqi is the local equilibrium distribution function. It has been shown that Navier-
Stokes equations for fluid flow [28] are recovered if f eqi has the form,
f eqi = ωiρ(1 + 3
ei.u
C2
+
9(ei.u)
2
2C4
− 3u
2
2C2
) (12)
The kinematic viscosity coefficient of the fluid, ν, can be determined as follows:
ν = (τ − 0.5) δ
2
x
3δt
(13)
In Equation 12, C refers to the lattice speed, which is defined as the ratio of the lattice
space, δx, to the LBM time step, δtlbm,
C =
δx
δt
(14)
Changes in pressure, p, and density, ρ, are related by the equation of state;
p =
C2
3
ρ (15)
The parameter C is tuned in order to reach the incompressibility state of the fluid to ensure
minimum density fluctuations across the fluid.
2.3 Coupled LBM and DEM
For describing the interaction between two different phases (solid and fluid), the cou-
pling method implemented by Galindo-Torres et al. [15] and Owen et al. [29] is applied
for spherical particles. In LBM the fluid phase is divided into a regular lattice structure
intersected by moving DEM spheres as shown in Figure 3(b). During the coupling mech-
anism,Equation 10 is modified, as follows, to account for the volume fraction, ε, occupied
by the DEM sphere.
fi(x+ eiδt, t + δt) = fi(x, t) + (1− Bn)
(
δt
τ
(f eqi − fi)
)
+BnΩ
s
i (16)
where Ωsi is a collision operator representing the change of momentum due to the collision
of the DEM sphere within the LBM cell and Bn is a weight coverage function [29] of the
form,
Bn(ε) =
εn(τ/∆t− 1/2)
(1− εn) + (τ/∆t− 1/2)
(17)
Although there are various methods to calculate the volume fraction, ε, of the DEM sphere
outside the edges of the LBM cell, Galindo-Torres et al. [15] proposed a simple approach
to calculate the volume fraction by considering the intersection length. The intersection
length, le, is computed for each of the 12 edges of the LBM cell (see Fig. 3(b)). It is then
Figure 4: Algorithm for hydro mechanical model employed.
compared with the total edge length to obtain the volume fraction,
ε =
∑
12
e=1 le
12δx
(18)
More details regarding the coupled mechanism can be found in [15].
The total force, F , exerted on the DEM sphere is computed by superimposing the change
of momentum given by each of the cells that the sphere covers,
F =
δ3x
δt
∑
n
Bn
(∑
i
Ωsiei
)
(19)
And consequently the torque, T , is,
T =
δ3x
δt
∑
n
[
(xn − xCM)×Bn
(∑
i
Ωsiei
)]
(20)
Figure 4 shows the algorithm flow chart for the coupling of solid and fluid phases.
2.4 Verification of the DEM/LBM model
To validate the DEM/LBM model, the drag coefficient, CD, of a sphere immersed in a fluid
is determined as a function of its Reynolds number, Re, and compared with the results
(a) (b)
Figure 5: (a) Cross sectional contour plot of the fluid velocity
field surrounding a DEM sphere for Re = 30 (b) Sphere drag
coefficient CD as a function of the Reynolds number, Re ([from
Galindo-Torres] [22]).
derived by Owen et al. [29]. For this purpose, a DEM sphere with a radius of 0.036m
is placed inside the LBM lattice of 240 × 60 × 60 cells. The lattice space is chosen as
δx = 0.004m and the lattice time step δt = 1.6× 10−2s . The fluid density and viscosity are
taken as ρ = 1000kg/m3 and ν is 10−4m2/s, respectively. The velocity field surrounding the
DEM sphere for a Reynolds number of 30 is shown in Figure 5(a).
The Reynolds number is calculated using the following equation:
Re =
vaveD
ν
(21)
where D is the sphere’s diameter and vave is the average velocities of fluid filled cells of
the lattice. The drag coefficient, CD, is calculated by the following equation:
CD =
2Fx
ρv2avepiD
2/4
(22)
where Fx is the x component of the reaction force. Figure 5(b) shows the calculated drag
coefficient as a function of Re in comparison to results of a previous study by Owen et
al. [29]. Additionally, an empirical correlation [31] with experimental data is also presented:
CD ≈
24
Re
+
6
1 +
√
Re
+ 0.4 (23)
Although this example measured the drag force produced by fluid movement, the model
also considered the buoyancy forces as shown by Galindo-Torres et al. [15]. Therefore,
the coupling mechanism includes both the buoyancy of a pressure gradient over the fluid
and the drag due to the fluid velocity, and as will be shown, both effects play a role in the
onset of erosion.
3 Numerical Model
Spherical particles of diameter 2 mm were used to generate the granular soil packing in a
rectangular chamber with rigid walls (300 mm length, 6 mm width and 140 mm in height).
The particles were packed by dropping them under gravity and allowing them to settle
for a sufficient time. Ten percent of particles were then deleted randomly to introduce
some disorder in the packing. In total 31,473 particles of uniform size were placed in the
chamber as described to form granular packing covering the area of the chamber to a
height of 100 mm (Figure 6). Then gravity was applied to force settling of the particles.
The final height of the packing was 96 mm. Table 1 shows the parameters for the DEM
and the LBM models used for this study.
The spacebetween the container walls was then spatially discretised with a square lattice
of constant spacing, δx = 0.4 mm, by dividing the container into 750*15*350 cells. Conse-
quently, the lattice was 44 mm higher than the granular packing to avoid the movement of
particles out of the volume when fluid motion was calculated. A coarser lattice grid would
have resulted in an insufficient resolution for describing the micro-scale effect. Unfortu-
nately, due to the large memory requirement and computational time for calculating this
model, it was not possible to use a finer grid arrangement.
Figure 7(a) shows the DEM sample within the LBM domain. The LBM fluid density is
given a value of 1,000 kg/m
3
. Gravity is applied only to the particles in the DEM simula-
tion. The pressure gradient across the sample was increased by maintaining a constant
pressure at the top of the wall at 140 mm height, while the pressure at the base was
raised incrementally until clear translational movement of particles could be seen (Fig-
ure 7(b)). The applied pressure gradient introduces fluid flow in an upward direction. As
described in Section 2, this pressure variation is applied by changing the density between
top and bottom boundaries as defined in Equation 15. However, changing parameters in
Figure 6: DEM hexagonal packing arrangement of the gran-
ular particles inside the chamber with dimensions of X=30cm,
Y=0.6cm, Z=14cm. The first three layers are highlighted for fu-
ture analysis.
this equation should be done with care in order to ensure incompressibility of the fluid.
Carefully selecting the lattice space and time steps will ensure the minimum density vari-
ation across the lattice while saving computation time. In this study the LBM time step
used was 1.212 × 10-4s. While the granular packing was bounded by vertical rigid walls,
periodic boundary condition was applied on these boundaries for the LBM simulation.
Table 1: Parameters used for the numerical simulation of upward pore fluid flow
Parameters Value
Container dimensions 300mm*6mm*140mm
Granular packing 300mm*6mm*96mm
Particle diameter 2mm
Number of particles 31473
Normal stiffness (Kn) 0.52kN/m
Tangential stiffness (Kt) 0.26kN/m
Friction coefficient 0.3
Particle density 2500kg/m
3
Fluid density 1000kg/m
3
Gravity 10m/s
2
Fluid viscosity 1.6× 10-5m2 /s
Lattice spacing 0.4mm
LBM time step 1.212× 10-4s
Pressure applied 4.4kPa
Test 1: time to reach maximum pressure 1.6s
Test 2: time to reach maximum pressure 0.8s
Snapshots of the particle configuration at different time intervals are shown in Figure 8.At
the begining of the simulation (t=0.00 s), the particle bed is static and the velocities of
the particles are zero. When the upward flow is uniformly introduced from the bottom,
the resulting particle-fluid interaction force excites the particles. It can be observed that
as the pressure gradient is gradually increased, dislodgement and mobilization of the
particles begins due to the critical hydraulic gradient across the sample being reached.
The particle fluid interaction force increases with the increase of pressure gradient, and
movement of particles can be seen in the regions where the particle fluid interaction force
is high enough to break the granular packing. At the initial stage, the top particles show
higher velocity than the others and with time, detachment of particles starts from the top
surface and propagates towards the bottom of the channel. As the material erodes, clear
variation of porosity can be seen at the top of the sample.
(a)
(b)
Figure 7: (a) DEM sphere packing immersed into the LBM
domain (b) Pressure variation at the lower boundary of the
sample with time for Test 1.
(a)
(b)
(c)
(d)
Figure 8: Snapshots showing the flow patterns of the particles.
Spheres are coloured according to their velocity (red for highest
and blue for zero).
(a) (b)
Figure 9: Histrogams of the porosity variation of the porous pack:
(a) before the start of the erosion process, and (b) after erosion
is initiated.
4 Model Verification
In order to verify the DEM/LBM model, porosity changes during the simulation were com-
pared with experimental observations. Mahadevan et al. [33] have conducted similar
physical experiments in a chamber with the aim of demonstrating erosion and channel-
ization in a saturated porous medium. Experimental results showed that the porosity
variation of the sample before the erosion started was almost normally distributed with
a mean porosity of approximately 0.4. After initiation of erosion, the overall porosity in-
creased with increasing variation leading to completely eroded channels represented by
porosities equal to one. The simulation results showed similar porosity distributions but
with higher porosity values compared to the experiment because mono-sphere packing
was used (Figure 9). The agreement between simulated and measured porosity distribu-
tions is satisfactory.
5 Simulation Results and Discussion
For identifying the onset of erosion, average values of the parameters describing the state
of the fluid and solid phase were monitored during the simulation. Figure 10 shows the
variation of pressure difference across the sample, linear momentum and porosity and
co-ordination number changes with the height of the sample at different time intervals
during the complete simulation time.
(a) (b)
(c) (d)
Figure 10: Fluid and particle properties variation with the height of the sam-
ple: (a) pressure difference vs height, (b) linear momentum vs height, (c)
coordination number vs height, and (d) porosity vs height. Note: the height
of the DEM sample was initially 9.6 cm.
(a)
(b)
Figure 11: Test 1: (a) angular velocity (V(angular)) and linear
velocity (V(linear)) of upper layer particles at last time step with
hydraulic gradient across the sample; (b) linear velocity, angular
velocity and hydraulic gradient (i) against time for the first three
layers of the sample (red: top-most layer, green: middle layer,
blue: lowest layer, see Figure 6).
(a)
(b)
Figure 12: Test 2; (a) angular velocity (V(angular)) and linear ve-
locity (V(linear)) of upper layer particles at last time step against
hydraulic gradient across the sample; (b) linear velocity, angular
velocity and hydraulic gradient against time for the first three lay-
ers of the sample (red: top-most layer, green: middle layer, blue:
lowest layer, see Figure 6) with time.
Within 0.8 seconds the pressure at the lower boundary of the chamber had increased
step-wise by 0.22 kPa increments to 4.4 kPa, which was then kept constant for the resid-
ual simulation time (Figure 7(b)). At the beginning of the simulation, the pressure distri-
bution within the granular packing was almost linear. As the pressure gradient increased,
the uppermost strata of the particles started to detach(Figure 8) and the pressure dis-
tribution became increasingly non-linear (Figure 10(a)), increasing the bouyancy forces
on the lower layers. Linear momentum increased with time in the upper part of the sam-
ple and propagated to the bottom of the chamber reaching its peak at around t = 0.75 s
(Figure 10(b)). This variation was well-matched with the coordination number of the DEM
packing (average number of contacts per particle), which reached a minimum when the
linear momentum reached its maximum (Figure 10(c) ). The porosity profile across the
sample showed its highest value at around t = 0.75 s which is well matched with other
profiles. The height of the sample increased with time reaching its maximum at t = 1
s. As can be seen in Figure 8, with ongoing simulation a zone of larger porosities has
developed in the middle of the sample, which is also indicated by the low coordination
number at t = 0.75 s. After t = 0.75 s, the coordination number increased and the linear
momentum dropped to negative values accompanied by a reduction in the height of the
samples indicating a collapse in that zone.
In order to identify the onset of erosion, micro-structural changes in the mechanical pa-
rameters of the particles forming at the upper boundary of the packing were analysed
together with the overall gradient applied to the sample. Basically, there are two possible
manifestations for the onset of erosion that are considered in this study: (i) movement of
particles, and (ii) the loss of contact forces between particles both caused by the forces
exerted by the flowing water. Two tests have been conducted for this study with two dif-
ferent times for reaching the maximum pressure of 4.4 kPa (Table 1). Changes in angular
and linear velocity for the uppermost particle layer independenty of the applied hydraulic
gradient are shown for Test 1 in Figure 11(a) and for Test 2 in Figure 12(a). As the pres-
sure gradient was applied step-wise over a limited time period, only the condition at the
last time step of each pressure increment was considered for these plots. The evolution of
both velocities during the simulation is shown for the first three particle layers (red, green
and blue lines in Figure 6) together with the applied hydraulic gradient in Figure 11(b) for
Test 1 and in Figure 12(b) for Test 2.
The results from Test 1 clearly show that angular movement of particles increases at
a lower hydraulic gradient of approximately 1 than the upward linear velocity with corre-
sponding gradient of around 2. Also in the temporal evolution of both velocities it becomes
clear that the rotational movement of particles is the first visible sign of the onset of ero-
sion, which is shown by an increase of angular velocity at time t=0.32 s corresponding to
a gradient of 1.0. Upward movement of the particles can be seen in the linear velocity
only at t=0.53 s at a gradient of 2.0, which confirms an increase of upward translational
velocity and formation of the loosened layer visible in Figure 10.In line with Fleshman and
John [34], this process of a granular bed becoming fluidised takes place in four stages:
(1) first visible movement, (2) heave progression, (3) boil formation, and (4) total heave.
The simulation results presented here cover the first two stages of this process.
Test 2 was conducted to determine whether the onset of erosion is time dependent. As
can be seen in Figure 12(a), the first small increase in angular velocity is seen at a hy-
draulic gradient i=1. While linear velocity increases at a hydraulic gradient i=2.2. The
temporal evolution of both velocities confirms this result. The angular velocity increases
slightly at 0.07 s while the linear velocity shows an increase only after 0.14 s. This result
confirms that the onset of erosion is not time dependent for the presented model. An
important result of the presented simulations is the observation that angular movements
take place earlier and at lower hydraulic gradients than linear movements of particles.
This observation can be considered as evidence of interlocking mechanisms acting be-
tween the particles, which are difficult to observe experimentally and nearly impossible
to be modelled with frequently used continuous approaches. Due to the flow in pores
towards particles sitting on top of the packing, inhomogeneous flow distributions occur on
the surface of the uppermost particles leading to a reduction of contact forces, and thus
frictional shear stress, and as a consequence rotation caused by the drag forces applied.
The analysis of the contact forces acting between particles reveal further information
about the onset of erosion. As a vertical flow is introduced to the sample, the forces
acting on the particles include; (1) gravitational force of the particle, (2) buoyancy force
and seepage force; and (3) normal and tangential forces due to interaction between parti-
cles. The weight of the particle remains constant throughout the test. The initiation of the
first vertical movement of particles occurs when the seepage force is equal to the addition
of buoyant weight and inter-granular force. At this point the particles at the surface are in
a state of equilibrium and start to move with increasing hydraulic gradient. Figure 13(a)
shows, the variation of inter-particle forces with the height of the sample in Test 1. At t=0
(a)
(b)
(c)
Figure 13: (a) Inter-particle contact force with height of the sam-
ple for Test 1, (b) Inter-particle contact force between particles
s water flow does not exist. With the onset of water flow the inter-particle force increases
due to forces applied by the fluid and the interlocking of particles. However, with time
fluid forces start to lift particles in the upper part of the sample reducing the overburden
pressure and thus the overall contact forces in the sample. Figure 13(b) and 13(c) show
the variation of inter-particle force with time for the uppermost particle layer for Test 1 and
Test 2, respectively. As can be seen, contact forces reduce to a minimum at about 0.4
s for Test 1 and at about 0.11 s for Test 2, which means the minimum contact force is
reached a little later than the start of angular movement of the particles (t=0.32 s for Test
1 and 0.14 s for Test 2). This observation suggests that the angular movement of particles
breaks the interaction between particles, which further reduces contact forces.
An important outcome of this micro-scale study is that the first visible manifestation of
the onset of erosion is angular movements of particles in the upper layer of a granular
packing. Although the existence of coarse particles sitting on top of a particle arrangement
has been neglected in our model, this is a new finding, which will have a noteworthy
impact on the interaction between finer and coarser particles during contact erosion. The
rolling resistance has already been identified in a former numerical study as an important
parameter influencing the mixing process between coarser and finer particles under the
influence of water flow [15]. Another simplification made to save computation time in this
study is the consideration of a rather thin chamber with rigid walls. Albeit interlocking
effects of particles definitely exert an influence on the reaction of individual particles and
the particle packing, some useful and very fundamental observations have been made
during this study, such as the rotational movement of particles as the first manifestation
for the onset of erosion as well as the development of preferential erosion channels in
the fluidised bed as a self-organising effect of the process. Figure 8(d) shows clearly
preferential particle movements by particle assemblies highlighted in green with a sharp
transition to particles in rest, which are shown in blue. Though, this was not part of the
presented study on the onset of erosion, this observation should be highlighted, since it
was observed as well in a numerical study using a continuum model [36].
It will be a future task to further develop the numerical model to represent more realistic
scenarios which include large particles and non-spherical particles. Furthermore, phys-
ical experiments are in preparation to investigate and quantify porosity changes during
erosion on a micro- and macro-scale.
6 Summary and Conclusions
This paper introduced a coupled DEM-LBM method for investigating the onset of erosion
as a coupled hydrodynamic problem which occurs frequently in hydraulically loaded
geotechnical structures. A simplified model was developed representing a mono dis-
persed packing of particles within a rectangular chamber with rigid walls. Seepage flow
was applied from the lower end of the packing with a step-wise increase of the gradient
across the sample. The mechanical reaction of the three topmost particle layers of the
packing was analyzed to identify dislodging mechanisms. These mechanisms were
considered as manifestations of instabilities characterizing the onset of erosion. The
following observations were made in the numerical investigation:
(1) Particles started to rotate at an overall hydraulic gradient of 1.0. With
increasing hydraulic gradient the angular movement increased until the first visible
heave was observed. This observed angular movement was considered as evidence of
interlocking mechanisms acting between the particles, which have been difficult to model
with frequently used continuous approaches. Due to the water flow in pores towards
particles sitting on top of the packing, inhomogeneous flow distributions occurred on the
surface of the uppermost particles leading to rotation due to the drag forces applied.
Future investigations aim to identify this observation in physical experiments.
(2) The movement of particles in a vertical direction took place at around a
hydraulic gradient of 2.0, which was far higher than the hydraulic gradient commonly
calculated, for example, using the relationship suggested by Terzaghi and Peck [35].
The high value of the gradient as observed in the numerical model was caused probably
by the chosen mechanic boundary conditions and the resulting interlocking effect of
particles. This assumption will be a subject of future numerical investigations.
(3) Although the size of the chamber, especially its thickness, was quite small,
it was possible to replicate essential mechanisms of erosion, which also have been ob-
served in the literature. So it was possible to show similar evolution of the changes in the
statistical distributions of the porosity as a result of the influence of flowing water as they
have been already observed in experiments [33]. Furthermore, another manifestation
of erosion, which is the regular pattern of preferential movement of particles, could be
observed in the experiments presented here. Similar results have been observed with a
continuum-based model developed by Muhlhaus et al. [36].
(4) Inter-particle contact forces reduced to a minimum value shortly after the
start of rotational movements of particles. This observation is proof of the effect that
angular movement of particles causes further breakage of inter-particle forces in the
pore structure further reducing the overall contact forces. An important question to be
considered in future investigations is the influence of the particle shape on this effect.
Overall it can be summarised that the presented DEM-LBM method and the model chosen
have proven to be effective for tracking micro-mechanical properties of fluid and particles
for investigating manifestations of the onset of erosion with the available computational
resources.
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Abstract: A novel experimental approach for measuring porous flow characteristics using
spherical hydro-gel beads and Particle Image Velocimetry (PIV) technique is presented.
A transparent porous medium consisting of hydro-gel beads that are made of a super-
absorbent polymer, allows using water as the fluid phase while simultaneously having the
same refractive index. As a result, a more adaptable and cost effective Refractive Index
Matched (RIM) medium is created. The transparent nature of the porous medium allows
optical systems to visualize the flow field by using Poly-amide Seeding Particles (PSP).
Low risk Light Emitting Diode (LED) based light was used to illuminate the plane in order
to track the seeding particles’ path for the characterization of the flow inside the porous
medium. The system was calibrated using a manually measured flow by a flow meter.
Velocity profiles were obtained and analysed qualitatively and quantitatively in order to
characterise the flow. Results show that this adaptable, low risk experimental set-up can
be used for flow measurements in porous medium under low Reynolds numbers. The
limitations of using hydro-gel beads are also discussed.
Keywords:particle image velocimetry, hydro-gel beads, pore velocity, refractive index
matching
1 Introduction
Various experimental techniques have been used in the past to study the flow behaviour
within porous media. Due to the variation of the pore structure, flow conditions should
be identified and characterised at the pore scale rather than assuming averaged flow
conditions on a macroscopic scale. For studying the flow behaviour of open water and
near obstacles on the micro scale, optical techniques such as Laser Droppler Velocimetry
(LDA) [1, 2], Particle Tracking Velocimetry (PTV) [3, 4] and Particle Image Velocimetry
(PIV) [5, 6] have been widely used. In order to allow the application of these methods for
investigations on the pore-scale of a porous medium, transparent pore structure has to
be introduced. The accuracy of the measurement results created with such a transparent
medium highly depends on how well solid and fluid are refractive index matched as
several types of errors may occur if this is not achieved [7, 8].
PIV has been considered as the dominant measurement technique for investigating flow
behaviour in porous media under laminar and turbulent flow conditions in the recent
years [3, 9, 10, 11]. Refractive Index Matching(RIM) is one of the important factors to be
considered for this technique to produce reliable results [12]. It involves finding a solid
material and fluid with matching refractive indices to create a fully transparent medium.
RIM has been extensively reviewed to identify the factors affecting the PIV measurements
[13]. In most cases reported in the literature, glass beads were used as the solid phase.
To achieve the transparency of the medium, pore fluid has to be tuned for examples
mixtures of silicon oil, glycerol or any other mineral oil [6, 3, 9]. However, frequently those
kinds of fluid mixtures change their optical properties with time during the experiment
especially due to the sensitivity of their rheological properties with the temperature.
Despite the fact that those materials show advantages in modelling the porous medium
flow conditions, maintaining a consistent the transparency is the main challenging task.
Byron and Variano [14] recently developed a solid material based on polyacrylamide-
based hydro-gel which has a refractive index similar to liquid water. They used this
material to study fluid interaction associated with small solid bodies with more affordable
and environmentally relevant fluid medium. Weitzman et al. [15], expanded this hydro-gel
based RIM to measure the flow velocities around solid obstructions. They demonstrated
the viability of using hydro-gel materials for optical fluid velocity measurements. Lo et al.
[16] proposed a new water-based material called ’aquabeads’ for modelling multiphase
flow. The success of those studies motivated us to use commercially available hydro-gel
beads for the measurement of fluid characteristics inside the porous medium.
Another important aspect, and in many cases obstacle in using PIV, is the requirement to
use bulky, expensive laser systems for the flow illumination which furthermore presents
considerable safety concerns. Several studies have been done to investigate the possi-
bility to replace this laser light sheets with a high power LED illumination [17, 18, 19, 20].
In those studies, this technique is widely discussed and successfully used to measure
the flow velocity in micro scale fields less than 10 mm×10 mm Field of View (FOV)s.
Estevadeordal and Goss [18] expanded their study using Particle Shadow Velocimetry up
to 25 mm FOV. The positive balance between the limitations and advantages discussed
in these studies motivated us to use this technique to illuminate the flow field inside the
porous medium.
In the presented work, an alternative experimental approach is proposed, which is more
adaptable and has fewer safety issues than conventional PIV systems by applying hydro-
gel beads and a LED based illumination system. Since these hydro-gel beads consist
of around 99% water, the refractive index of water and the beads are nearly same. This
paper discusses the viability of this experimental approach for quantitative observation of
the flow field in porous media. The experimental set-up and image processing procedure
are explained under Section 2 and 3 respectively. Under the Section 4 and 5, pore velocity
measurements and the discussion of the results are presented including some limitations
of the chosen approach that are noteworthy to discuss. Lastly, Section 6 presents the
conclusions of the study.
2 Experimental set-up
2.1 Transparent porous medium
The transparent porous medium was achieved by introducing a solid and fluid with a
similar index of refraction. The solid material was the commercially available hydro-gel
beads which contain super-absorbent polymers that expand around 200 times their weight
by absorbing water. The main advantage of hydro-gel beads over glass beads is that it
can be used to visualise the three dimensional flow condition by eliminating the optical
access restriction inside natural and untreated water. The beads have an initial 1 mm
diameter and were hydrated using purified water, causing them to swell up to the size of
9-10 mm diameter. Since this hydro-gel beads are about 99% water, the refractive index
of water and the beads are nearly same (Figure 1). This fact eliminates the need of finely
tuned mixtures of fluid properties to match the refractive index to that of the solid phase.
Figure 1: Refractive index matched hydro-gel beads. (left) Container filled with Hydro-
gel beads, (middle) Half of the container filled with water, (right) Fully transparent porous
medium achieved with water and hydro-gel beads.
The accuracy of the transparency was checked by targeting a calibration image with and
without hydro-gel beads. The error due to distortion (ε) was calculated by measuring the
relative position of marks on the grid between these two images as outlined in [21]. The
error, ε, estimated for this measurement was 0.008 pixels. In order to avoid size and
shape changes, beads were always kept under de-ionized water when not used. Dur-
ing storage under water, they do not expand further. Although these beads are easily
deformable, they exhibit a constant diameter under low-velocity flow conditions. To mea-
sure the deformation of hydro-gel beads under applied fluid pressure, bead diameter was
measured for different flow velocities. Results show that the diameter is kept constant for
flow velocities up to 10 mm/s. However, the maximum velocity of the flow within this study
was 4 mm/s, and hydro-gel beads have not deformed under those conditions. The beads
were kept in water during the whole experiments and can be used for up to three months
without degradation of the size and loss of quality of the beads.
2.2 Physical model
A 10×10×30 cm (W×L×H) column made from transparent acrylic was used as the
channel section. In order to generate a uniform vertical flow into the test section, conical
openings were placed at two ends of the channel as shown in Figure 2. Glass beads
were placed in the bottom conical shape to produce a uniform more accurate flow profile
into the test section. Next, a grid was placed 5 cm above the glass bead layer and
hydro-gel beads were packed to make a sample with height of 10 cm. Another grid was
inserted at the top of the sample to prevent hydro-gel beads from floating and shown
in Figure 2. The porosity of the granular sample created with the hydro-gel beads was
measured, using a general volume measurement, as 0.40.
Water flow from bottom to top should be seeded with seeding particles, which follow the
flow accurately, to visualise the flow patterns inside the porous medium. Those seeding
particles should be neutrally buoyant and small enough [22]. PSP with 15 µm diameter
and density of 1.03 g/cm3 was mixed into the fluid reservoir and stirred for about 15
minutes before the experiment in order to maintain a uniform distribution of the particles
inside the fluid. Correct seeding density is more important to avoid trapping of seeding
particles in low-velocity regions or dead end regions in pore space. Also, this will lead to
stick particles onto the surface of beads and reduce the visibility thus seeding density was
maintained at 20 mg/l. Gravitational and inertial forces of those seeding particles were
calculated to ensure that they reliably follow the flow. Settling velocity (U) was calculated
assuming the Stokes law of drag is applicable as U = (ρp-ρf )dp2g/18µ, where dp and ρp
are the particle diameter and density respectively, and µ and dp are the fluid viscosity and
density respectively. The value of U was equal to 6.54 µm/s which means that particles
follow the flow completely as the U is negligible compared to fluid velocity. The water
circulation was designed as a loop using a submerged pump in a water reservoir and a
flow meter was used to measure the flow. The flow was controlled through a flow valve
located between the pump and the flow channel through a flow meter. The water from the
channel was directly transferred back to the reservoir. A detailed schematic diagram of
the experimental set-up is shown in Figure 2.
Figure 2: Schematic arrangement for Particle Image Velocimetry (PIV) system showing
all major components.
Figure 3: Timing diagram for the double shutter CCD camera and double pulsed LED
head.
2.3 Optical system
Tests were conducted in a dark environment which helps to improve the quality of the
captured images. A thin light sheet with the aid of high power LED head (provided by
Intelligent Laser Applications, ILA GmbH, Germany) was used to illuminate the interest-
ing plane at the middle of the channel. The light sheet was moved along Z axis while
flow field was captured in XY plane. Fibre-coupled optics connected to the LED head
were used to control the illumination type from volume illumination to plane illumination
which resulted a 1 mm thickness of light sheet. A double-frame Charge Couple Device
(CCD) camera (Pico Pixelfly) running in a double shutter mode and located perpendicular
to the light sheet was used to capture the illuminated seeding particles in XY plane. The
camera sensor consists of 1392×1040 pixels with size of 6.45×6.45 µm and 14-bit dy-
namic range. Figure 3 illustrates the timing diagram for the camera and LED head. Pulse
duration was 5 µs which is sufficiently small to freeze the particles. This ensures that
the particle neither looks blurry nor contain streaks [23]. According to this configuration,
particle image diameter, de, was calculated using de=
√
M2d2p + d
2
s where, ds is defined as
ds=2.44f(M+1)λ. f , M and λ are aperture number of the lens, optical magnification and the
wavelength of the light, respectively. Theoretical and numerical simulations [22, 24] show
that the measurement error can be minimized for particle image diameter between 2-3
pixels while smaller particle image diameters affect for peak locking effect [25]. de for this
study is 14.2 µm which is between 2-3 pixels which ensures the absence of peak locking
effect [22, 12]. If the particle image size is too small, the displacement is biased towards
the integer pixel value, resulting of increasing bias error. Existence of this effect can be
observed by the plot of the histogram of measured seed displacement as in Figure 4.
There is no indication of accumulation of integer pixel displacement in those histograms
thus, bias error due to peak locking effect is smaller.
Another important parameter for the accuracy of PIV is particle displacement within an
interrogation window (IW). In our analysis, average and maximum particle displacement
was observed as 1.5 pixels and 4.8 pixels, respectively. This maximum value is below the
one-quarter of the IW size, and that helps to reduce the background noise in the correla-
tion matrix [22]. Several trials were carried out to optimise the pulse delay time (δt) which
influence the particle displacement between two images. Image pairs were captured with
known pulse delay, δt, between light pulses and stored in the computer for image analysis.
δt between two pulsed LED light sheets and camera shutter were changed according to
the flow rate and all timing signals were controlled by a synchroniser.
(a) (b)
Figure 4: Histogram of the particle displacement.
Figure 5: Changing of FOV by inserting an extension tube between camera sensor and
lens
Two different sizes of FOVs were selected by using different lengths of extension tubes
between the lens and the camera sensor (Figure 5). The default minimum FOV is 256
mm × 192 mm with a minimum object distance of 1 m. As this minimum FOV in the
original camera is much larger with respect to our channel dimensions, 10 mm extension
tube was inserted to obtain FOV1 (35 mm×26 mm) which has the spatial resolution of 25
µm/pixel, while FOV2 (9 mm× 6.7 mm) was obtained using a 50 mm extension tube. The
latter can be used to zoom into one pore or pore throat to capture detailed flow fields at
the pore scale.
3 Image processing and length calibration
Velocity fields from image pairs can be found by dividing them into subregions referred
to as Interrogation Windows (IWs) and determining the displ
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Figure 6: (a) Intensity histogram for the original image (b) Original image (c) Pre-
processed image with high-pass filter and thresolding.
ticles inside the IW. This procedure results in a dominant peak for the correlation peak
which corresponds to the displacement of the particles. Finding of this correlation peak
is highly affected by the variation of the image intensity. For this reason, image enhance-
ment through a pre-processing is essential.
Pre-processing of the acquired images was done using PIVview 2C software to enhance
the particle image contrast. A high-pass filter was applied to remove low-frequency back-
ground variations with a kernel value of 10 to be compatible with the low-passed version
of the original image. Thresholding of the filtered image was done by setting the optimal
threshold value to 120. This value was chosen by considering the best intensity level
using image intensity histogram in Figure 6(a) [26]. Thus, this pre-processing procedure
helped to enhance the particle image contrast and bring particle image intensities to a
similar signal level. This will result in all particles having the same contribution to the
correlation function. The result of the pre-processing applied to Figure 6(b) is shown in
Figure 6(c). After this process, the image is not truly binarized. However, it significantly
helped to improve the image intensities.
An image mask was applied for the hydro-gel bead positions to exclude them from the
analysis. Then images were divided into 24 × 24 IWs in order to determine the velocity
vector for each window using cross-correlation procedure with 50% overlap. Keane and
Adrian [27] showed an average of 10 or more particles should be within the IW to have
maximum accuracy.
The most important part of the image analysis is the selection of the suitable cross corre-
lation algorithm which is used to find the most probable particle displacement within IWs.
Multi grid interrogation process combined with grid refinement technique was used as the
algorithm which is yielding a high spatial resolution in the final vector map. This process
follows a pyramid approach which the sampling grid is continually refined and the size of
(a) (b)
Figure 7: Instantaneous velocity vector field from the image analysis (a) Outliers identified
as ’×’ marks (b) Velocity field with replaced outliers from post processing step.
the IWs is reduced during each iteration. Iteration process starts from the window size of
64 pixels2 to the final size of 24 pixels2. This is also highly contributed to having a high
dynamic velocity range and an optimal signal to noise ratio.
The next step is the defining of correlation peak finding procedure which is again important
for the accuracy. Normally the peak value within the cross-correlation domain can be
measured to an integer value with an uncertainty of ±0.5pixel. This is not significant for
uniform flow conditions without having large velocity gradients within the image. However,
to capture maximum and minimum velocities with an image which consists of considerable
velocity gradients, correlation peak should be refined with sub-pixel accuracy [22]. Three
point Gaussian curve fit peak finding method adopted by [28], was used to achieve the
sub-pixel accuracy. The adequacy of this evaluating method confirms the absence of
peak locking effect in Figure 4.
At the end of the image analysis process outliers were detected by applying normalized
median test [29]. Figure 7 shows a clear identification of outliers which is 2% of the total
vectors. After the removal of outliers, missing vectors were filled by interpolation.
Velocity data obtained from those images should be converted from pixel space to real
space by calibrating the optical system. This calibration was achieved by using a simple
ruler that was placed in the plane used for observing the flow within the sample.
Velocity measurements through the empty channel were conducted in order to compare
the measurement results with the flow meter measurements. Figure 8(a) shows the seed-
ing particle distribution throughout the flow inside the empty channel captured by the cam-
era. The corresponding improved image and velocity vector field through the channel is
(a) (b) (c)
Figure 8: PIV analysis for the channel without hydro-gel beads (a) PIV image of seeding
particles along the test section (b) Improved image after pre-processing (b) Correspond-
ing velocity vector filed for the upward flow.
shown in Figure 8(b) and Figure 8(c) respectively. PIV results were verified with measured
volumetric flow rate given by the flow meter for water flow inside the section. Flow veloc-
ity along Y direction (Vi) for ten slices across the width of the section was measured as
shown in Figure 9(a). The average velocity was calculated using Vavg,P IV =(
10∑
i=1
Vidxdz/A),
where A is total area of test section, dx is length of test section in X direction and dz is
the distance between each slice. The volumetric flow rate(Q) was measured with the flow
meter and used to calculate the average flow velocity as Vaver,FM=Q/A. Figure 9 shows
the comparison of PIV velocity with the flow velocity determined from flow meter mea-
surements. Without having the glass beads located at the entrance of the column, the
flow profile shows a non-uniform flow velocity through the column as can be seen in top
part of the Figure 9(a). However, with those glass beads placed at the bottom of the col-
umn, the flow field shows a much more uniform velocity field throughout the channel. The
deviation of the PIV measurement results from the flow meter measurements was less
than 5% (Figure 9(b)). The flow measurements with the used PIV system are in good
agreement with the independently conducted flow meter measurements, which proves
the applicability of the used system for quantitatively observing flow conditions.
4 Results and Discussion
The experimental set-up described above was used to measure the characteristics of
pore water flow through porous media. First, the flow condition in a set of interconnected
pores was investigated in the middle of the column using FOV1. Figure 10 shows the
two-dimensional velocity field for a typical porous flow section. To minimize the error due
to lack of homogeneity of tracers, velocity raw fields from 100 images were averaged in
(a) (b)
Figure 9: Velocity measurements inside the empty channel with the aid of seeding parti-
cles (a) Velocity profiles across a section of the test section with and without glass beads
in the bottom conical part (b) Comparison of PIV velocity with the measured flow meter
results.
one measurement zone. Velocity maps have been obtained with increasing flow for low
Reynolds numbers Rep which is defined as Rep=ρVmd/µ where d is diameter of particles,
ρ and µ are the density and viscosity of water respectively. Vm=Q/A is the mean Darcy
velocity through the medium. Volumetric flow rate Q was measured by the flow meter and
the cross sectional area of the bed A is 10 cm × 10 cm.
(a) (b) (c)
Figure 10: (a) Raw image captured in the porous medium flow inside the test section
using FOV1 (b) Improved image after the pre processing procedure (c) Velocity field for
the flow inside the pore structure.
Figure 11 shows the contour plot for the flow velocity changes through the pores with
increasing Rep. It can be clearly seen that with increasing Rep, the fluid flows through
larger interconnected pores creating a channel-like flow patterns. The flow intensity is
getting higher in those interconnected channels as a clear flow path becomes visible as
it was already shown in numerical investigations conducted by Breugem et al. [30]. The
magnitude of the velocity is lower at some positions in the flow channel because of the
constricted pore space by the hydro-gel beads. These qualitative visual observations are
useful to describe the typical flow behaviour inside porous media and to compare the
results for different macroscopic flow conditions.
(a) (b)
(c) (d)
Figure 11: Contour plot for the velocity distribution inside the porous medium with in-
creasing Rep (a) Rep=0.6 (b) Rep=1.2 (c) Rep=3.4 (d) Rep=7.2 Colour bar represents the
magnitude of velocity in m/s.
In order to receive quantitative details of the velocity field and to allow comparison with
results from other studies, a statistical analysis of the velocity data was conducted based
on the measured velocity fields of Figure 11 . Histograms for longitudinal velocity, Vy,
and transverse velocity, Vx, were produced for Rep= 1.5. For allowing the comparison
with literature results, the velocities were normalized by the mean velocity, Vm. The
resulting histograms are given in Figure 12. The normalized longitudinal velocity dis-
tribution (Vy/Vm) shows some negative flow velocities in opposite direction of the net
flow due to incident flow towards the hydro-gel beads and decay in the positive velocity.
The maximum velocity in flow direction was approximately 3.5 times the mean velocity.
The normalized horizontal velocity distribution (Vx/Vm) shows symmetrically distributed
flow velocities in positive and negative x-direction with a peak close to zero. Similar
distributions were reported in the literature by [31, 32]. Also, their visual observations of
the flow fields are consistent with the contour plots of Figure 11 where it is shown that the
preferential flows along interconnected flow paths have a velocity larger than three times
the mean velocity.
Figure 13 shows the changes of histogram of the velocities in horizontal and longitudinal
direction with increasing Rep. With increasing Rep number and thus mean flow velocity,
the horizontal velocity, Vx, shows an increasing magnitude of both positive and negative
flow velocities while longitudinal velocity, Vy, shows primarily increasing positive velocities.
Once normalised, the longitudinal flow velocity tends to show less higher flow velocities
relative to the mean flow velocity which confirms the more channelized flow patterns given
in Figure 11.
(a) (b)
Figure 12: Histograms of normalized velocities forRep=1.5 in comparison with results from
the literature [31, 32] (a) Horizontal velocity normalized by mean velocity (b) Longitudinal
velocity normalized by mean velocity.
To further explore the variation of velocity fields influenced by the pore structure, local
flow behaviour was studied inside individual pores by using the FOV2. Figure 14 shows
three different pore structures and the resulting velocity fields indicating three different
flow conditions which have also been observed experimentally by Patil et al. [10] and
numerically by Rong et al. [33]. Although different particle sizes have been used for those
studies, this kinds of local flow structures became visible as they are sensitive to the pore
geometry.
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Figure 13: (a) Probability density functions of velocities for different Rep (a) Horizontal
velocity (b) Longitudinal velocity (c) Horizontal velocity normalized by mean velocity Vm
(d) Longitudinal velocity normalized by mean velocity Vm.
One major challenge encountered during this experimental study is the difficulty of cap-
turing three-dimensional flow conditions. Some observed pore velocity fields show zero
or misleading velocity vectors due to the out of plane motion. The main reason is the
existence of flow paths perpendicular to the observation plane which cannot be observed
with one PIV system only. Another limitation of the used set-up is the tendency of the
(a) (b) (c)
Figure 14: Observed local flow conditions for different pore structures (a) Channel like
flow (b) Impinging flow (c) Jet like flow.
hydro-gel beads to float even without flowing water due to their density which is similar to
water. In the used set-up, a grid placed on top of the sample was used to fix the position
and to prevent floating during the measurement. Another problem originating from using
the hydro-gel beads is that seeding particles can stick on the surface of the beads after
conducting several experimental runs. Therefore, the hydro-gel beads need to be washed
after several tests. As a consequence, the exact same pore structures can not be main-
tained during a long period time affecting the replication of experiments. However, as the
porosity has been kept constant throughout the presented experiments, the changes in
packing do not affect the statistical results. Between the tests, hydro-gel beads need to
be kept inside clear water to maintain the same size and shape. Despite these limitations,
hydro-gel beads are more adaptable solid phase for PIV measurements when water is
used as the fluid phase. Future studies will focus on using this PIV set-up for studying the
initiation of erosion processes in granular materials.
5 Conclusions
The presented paper introduces results of velocity measurements inside a porous
medium using a novel PIV approach. Optical access to the porous structure was achieved
by using hydro-gel beads as the solid phase and water as the fluid phase providing the
same refractive index. The developed set-up is more adaptable with reduced occupa-
tional risks since an illumination system based on LED was used instead of a laser-based
illumination system. With this system longitudinal and transverse velocity fields have been
measured that are comparable with results from literature. Characteristic flow structures
within pores and in assemblies of interconnected pores have been identified. Velocity
intensities were found to be higher along interconnected pore paths indicating the chan-
nelling of flow conditions with increasing Re-numbers as it was also reported in literature.
Both, the use of hydro-gel beads as the solid phase in combination with water and the
LED-based illumination system have proven themselves as a true and cost-effective
alternative when flow behaviour in porous media is studied. However, the use of hydro-
gel beads for this kind of study comes along with some limitations which need to be
mentioned:
- Because of the similar densities of hydro-gel beads and water, the beads tend to
float in water already at low velocities. This can be prevented by placing a grid at both
ends of the sample formed by the beads.
- Mechanical loading, for example with the grids placed at both ends of the sample,
or high flow velocities can deform the hydro-gel beads leading to changes in the pore
structure. As a consequence, there are limitations in the applicable velocity range when
hydro-gel beads are used.
- Seeding particles tend to stick on the surface of hydro-gel beads after several test
runs. This requires washing of hydro-gel beads between the tests.
Apart from these limitations, the presented measurement results show clearly the appli-
cability of the used experimental set-up involving a low-cost PIV system and hydro-gel
beads as the solid phase of a fluid-saturated porous medium. The advantages of such
a system are the reduced occupational health and safety requirements connected to the
illumination system and the possibility of using water as fluid instead of mixtures of other
liquids. The authors truly hope that with the presented study inhibitions towards the appli-
cation of PIV systems are reduced and other colleagues will be encouraged in studying
porous media flow using this kind of low-cost PIV systems.
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Abstract: The aim of this paper is to examine the flow characteristics at the initiation
of contact erosion. When water flows through fine soil to a coarser soil layer, changes
of the flow properties may occur due to transition of the pore structure. A pore scale
experiment was developed in order to explore the local flow behaviour which leads to
migration of fine particles into a coarse structure. Optical access to the pore structure
was obtained by having a transparent soil model consisting of hydroâA˘S¸gel beads. This
allowed water to be used as the fluid phase and resulted in a more adaptable Particle
Image Velocimetry (PIV) system. Upward seeded flow was applied to the test section
and illuminated using a low risk Light Emitting Diode (LED) light sheet. After calibrating
the set-up with macroscopic flow rate measured by flow meter, images of the contact
zone of coarse and fine particles were taken with different flow boundary conditions using
a high speed camera. Qualitative and quantitative analysis were carried out to identify
spatial variability of the flow conditions which led to initiation of the fine particle movement.
Results show that the local reorientation of the flow will lead to local initiation of the contact
erosion. Major reasons for this behaviour are discussed in this paper.
1 INTRODUCTION
Internal erosion is a severe threat for water retaining structures like embankment dams,
dykes and levees. Worldwide, this problem causes a serious threat to the safety of those
structures and statistics reveal that it causes failure of approximately half of embankment
dams and levees [1]. When water flows through the granular structure which consists of
several soil layers, fine particles are easily detached and transported through the pores
of the coarse particles. This leads to small settlements of the structure and finally breach
of structure occurs. Through several types of internal erosion, contact erosion is initiated
at the interface between two soil layers due to seepage flow. Initiation of the movement of
those fine particle depends on the hydraulic, mechanic and geometric conditions at a par-
ticle level. Therefore, it is of paramount importance to identify the micro scale parameters
causing onset of this phenomena. This will provide a significant contribution for ensuring
the stability of water retaining structures.
Contact erosion phenomena with seepage flow parallel to the interface has been stud-
ied in laboratories at the sample scale which is considered representative behaviour at
the global scale [7]. Initiation of erosion has been identified from the non-zero turbidity
measurements of outlet water. Visual observations have been limited to the permeameter
wall as the porous medium is optically opaque. [8] introduced a transparent soil medium
combined with Particle Image Velocimetry (PIV) to characterise the flow at the interface
of contact erosion for parallel flow. Statistical analysis was carried out to predict the shear
stress distribution an the interface. Contact erosion with a flow perpendicular to the in-
terface has been studied numerically by [15] using Discrete Element Method (DEM) and
Lattice Boltzmann Method (LBM).
Though PIV has been considered the dominant measurement technique for flowmeasure-
ments [12, 15], this technique has been rarely used for flow characterization in internal
erosion. [8] have successfully used this technique to visualize micro scale flow properties
at the interface of two soil layer related to contact erosion. To capture the flow field, the
porous medium should be transparent and this optical access is obtained by matching
the refractive index of the solid and fluid mediums. This technique is called the Refrac-
tive Index Matching (RIM) and has been extensively reviewed by [16] and [5]. In most
cases reported in the literature, glass beads were used as the solid phase and fluid has
been tuned as mixtures of silicon oil, glycerol or any other mineral oil to achieve the trans-
parency of the medium [14, 10, 12, 8]. These fluid mixtures change their optical properties
with time during the experiment which is especially due to the sensitivity of their rheologi-
cal properties with temperature. Another issue of the PIV system for these studies is that
flow has been illuminated with the aid of a high power laser which is bulky, expensive
and has safety issues. Several studies have been done to investigate the possibility of
replacing the laser light sheet with a high power LED light sheet [3, 6, 17, 2]. In those
studies, this technique has been widely discussed and successfully used to measure the
flow velocity in micro fields less than 10 mm×10 mm Field of View (FOV)s. [6] expanded
their study using Particle Shadow Velocimetry (PSV) up to 25 mm FOV.
In this work, an alternative experimental approach is proposed, which is more adaptable
and consists of fewer safety issues, to study the pore scale flow characteristics at the
onset of contact erosion due to a seepage flow perpendicular to the interface of soil lay-
ers. Optical access to the porous medium is obtained by using hydro-gel beads which
are made of a super-absorbent polymer, and this allows water to be used as the fluid
phase. This allows a more adaptable experimental set-up. Instead of using bulky laser
light sheets for the PIV, a LED based light sheet is introduced. This paper discusses the
viability of this experimental set-up for studying the of initiation of contact erosion. Ex-
perimental set-up and flow field visualization results are described in Section 2 and 3,
respectively. Section 4 concludes the study.
Figure 1: Schematic arrangement of the experimental set-up
2 Experimental set-up
Porous medium is placed inside a rectangular column (10 cm × 10 cm × 30 cm) with
conical openings in both sides. Flow across the channel is supplied through a constant
head tank filled by water pumped from a lower tank. Porosity of the porous medium
is measured using a general volume measurement of 0.4. Flow is measured by a flow
meter controlled by a valve. Ployamide Seeding Particles (PSP) of 10µm diameter density
of 1.03 g/cm3 are used to seed the flow. Seeding density is maintained at 20 mg/l in order
to avoid trapping seeding particles in low velocity regions and the plane of a test section is
illuminated using a LED light sheet. Figure 1 is a schematic diagram of the experimental
set-up.
Table 1: Characteristics of the packing
Parameter Value
Channel size 10cm×10cm×30cm
Coarse particle size 9mm
Fine particle size 1mm
Seeding particle 15µm
Fluid density 1000kg/m3
Sample length 100mm
Light from the illuminated seeding particle inside the porous medium is captured by a CCD
camera. The camera sensor consists of 1392×1040 pixels with a 6.45×6.45 µm pixel size
and 14 bit dynamic range. It has the capability of a minimum 1 µs inter frame time and
readout time of the first image can be adjusted between 5 µs to 60 s. Spatial resolution of
the images plays a major role for micro scale flow characteristics. Two different FOVs are
selected as shown in Figure 2 with 17 µm/pixel and 6.45 µm/pixel spatial resolutions for
Figure 2: Spatial resolution of two different scales used for the study
Figure 3: View of the interrogation window with group of seeding particles
(a) (b)
Figure 4: Velocity vector fields for different correlation methods (a)single pass interroga-
tion (b)multi-pass interrogation combining with grid refining technique
FOV1 and FOV2, respectively. This helps to scan different pore structures with different
spatial resolution in order to track local flow characteristics. Double exposure images
are processed using cross correlation of the velocity field. Image pairs are captured
with known time interval (δt) between light sheets and this parameter is carefully tuned
according to the velocity of the flow. A synchroniser is used to control the camera shutter
speed and δt. Each image is divided into sub-regions referred to as Interrogation Windows
(IWs) as achieve in Figure 3. Eight-ten particles should be within an IW to achieve good
results [13]. During statistical PIV, it is assumed that all particles in an IW move a similar
distance and direction. The velocity vector per each IW is then computed with the aid of
mathematical correlation using average displacement while PIVVIew 2C software is used
for image analysis.
During the pre-processing step a high pass filter is applied to remove low frequency back-
ground variations and it is combined with thresholding. A thresholding value of 150 is
used to produce a final image with the same intensity for the all particles. This will result
in all particles having the same contribution to the correlation function. Simple ruler mea-
surements are used to convert pixel measurements to real space measurements. The
Magnification factor is calculated using this calibration constant. In order to calculate the
seed image diameter (dτ ) in the image plane, geometric and diffractions effects are con-
sidered. Effective seed image diameter (dτ ) is given by, dτ=
√
M2d2p + d
2
s, where, M is the
image magnification, dp is the seeding particle diameter in the object palne and ds is the
defraction limited spot size given by, ds=2.44(1+M)
f
D
λ. The ratio f
d
is the f-number of the
camera lens and λ is the wavelength of the illumination light. Corresponding dτ is 2.57
pixels which helps to prevent the peak locking adding effect [13].
3 Results and Discussion
3.1 PIV Optimisation
During the correlation analysis for finding the velocity vector, a displacement peak should
be obtained according to the particle displacement within the IW. In a steady flow, a con-
stant displacement can be seen for all IWs and the size of the IW can be selected in a way
that all particles in the IW of image 1 exist in the IW of image 2. As porous flow is more
heterogeneous, different velocity gradients per image can be found. To capture those
characteristics into one frame, the correlation process should be optimised rather than
(a)
(b)
Figure 5: Histrograms for (a)normalised vertical velocity (b) normalised horizontal velocity
using a single pass correlation [13]. Thus a multi-pass interrogation system combined
with a grid refining system is introduced to reduce the loss of pairs of particles within the
IW. Figure 4 shows the accuracy of those methods for a velocity vector field for differ-
ent velocity gradients. Following those improvements, velocity vector fields are analysed
quantitatively for the flow field through mono-dispersed packing.
3.2 Quantitative analysis
In order to compare the results with the available literature data, statistical distributions
of the velocity field are obtained. Histograms for vertical velocity Vy and horizontal veloc-
ity Vx are plotted for Re=1.5. The Reynolds number (Re) defined as Re=ρVmd/µ where
d is diameter of particles and ρ and µ are the density and viscosity of water, respec-
Figure 6: Pore scale view of the transition region interesting for the initiation of contact
erosion
tively. Vm(=Q/A) is the mean Darcy velocity through the medium. Volumetric flow rate Q
is measured by flow meter and the cross sectional area of bed A is 10 cm × 10 cm. For
comparison with the literature records, histograms are plotted against a non- dimension-
alised parameter which is obtained by dividing Vy and Vx by the mean velocity Vm (Figure
5). The normalized longitudinal velocity distribution (Vy/Vm) shows a decay in positive
velocity. Normalized transverse velocity distribution (Vx/Vm) shows a peak close to zero
and symmetry along the axis as expected since it is not a preferential direction. Similar
trends have been reported by [8] and [11].
3.3 Contact Erosion Studies
The next task is to apply these flow visualization procedures to a study of contact ero-
sion. When water flows from a fine layer to a coarse layer, flow properties may change
significantly due to changes of porosity. It is interesting to understand the flow character-
istics happening at the interface at this transition zone . As shown in Figure 6, the flow
conditions that lift fine particles up should be identified to understand the onset of contact
erosion. To model this phenomena hydrogel beads are placed over a packing of small
glass beads of 1 mm diameter which models the fine layer.
Figure 7 shows the image taken at the the interface of fine and coarse materials. As
the glass beads do not have the same refractive index as water, the transparent nature
of the porous medium can not be obtained and thus, any flow characteristics can not
be captured inside the fine layer. Flow characteristics just above the fine layer (transition
region) can be analyzed and compared with the flow in the coarse layer. Figure 7(a) shows
the velocity vector map of the flow. It is interesting to see that a high flow exisits fine layer
and gradually decreases its velocity into coarse layer. These jet-like flow conditions may
affect the stability of the fine particles. Figure 7(b) shows a contour plot for the velocity
distribution and clearly indicates the high intensity flows present at the transition zone.
To further analyse the flow behaviour in this region FOV2 is used to scan various pore
geometries with high spatial resolution. Figure 8 highlights a very interesting flow charac-
teristic that directly affects to the stabilization of fine particles. The flow existing the fine
layer changes flow direction according to the constriction inlets directed into that pore.
Due to the presence of the large void space, horizontal directional flow dominates and
the vectors show vortex like flow around the fine particles. This may lead to a rotation
of fine particles before thet lift up during the onset of erosion. This characteristics has
been already identified by [19] in numerical simulations. Also [15] has modelled contact
erosion for upward flow using DEM and LBM. They concluded that angular momentum
transferred to the fine particles by the fluid affects their mobility into larger voids.
One major difficulty encountered during this experimental study is the difficulty of cap-
turing three dimensional flow. Some pore velocities inside pores obstructed by particles
shows zero or misleading velocity vectors due to disappearance of the seeding particles
from measuring the plane. This is due to the transverse flow perpendicular to the plane.
Another problem is that the seeding particles tend to be glued to the surface of the beads
after conducting several experimental runs. Therefore, the porous pack should be washed
after several tests. Thus, the same pore structures cannot be maintained during the whole
period of the experiment which affects replication of the experiment. As porosity has had
the same value these packing changes do not affect the final statistical results. Hydrogel
beads should be kept in clear water when not in use, to maintain their same size and
shape.
4 Conclusions
A novel approach to PIV experiments for porous flow has been introduced using hydrogel
beads and LED based light sheet. Despite a few limitations of using hydrogel beads
discussed earlier, these two changes lead to a more adaptable PIV experiment set-up with
high safety procedures use for pore scale contact erosion studies. Results show that this
high power LED light sheet is very promising for flow illumination. Vertical and horizontal
velocity measurements are in good agreement with the literature. Velocity intensities are
found to be high in the transition zone between fine and coarse layer. Flow characteristics
which disturb the stability of the fine layer are identified. This experimental set-up will be
(a)
(b)
Figure 7: Flow condition changes when it transit from fine layer to coarse layer (a)Velocity
vector map (b)Contour plot related to velocity magnitude
Figure 8: Flow velocity vectors just above the fine layer captured by FOV2
used for further contact erosion studies with introduction of transparent material to the
fine layer. This will allow the characterisation of the flow not only in the transition zone but
also in the fine layer.
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Abstract: Contact erosion occurs at the interface of fine to coarse soil layer in form of
particle dislodgement and transport by seepage flow when the seepage force is high
enough to overcome the contact and friction forces acting on the fine particles. These
holding forces depend on the geometrical conditions in terms of particle and pore sizes,
and packing. So far, these micro-scale conditions influencing the onset of contact erosion
are not fully understood. Therefore, experimental and numerical investigations have been
conducted to investigate the mechanisms leading to the first dislodgement of fine parti-
cles. The flow characteristics at the interface of fine to coarse particles were measured
using an innovative Particle Image Velocimetry (PIV) system and were used to validate
the hydraulic solver of a coupled DEM-LBM model. The numerical model was then used
for investigating the flow and packing condition prevailing when dislodgement of particles
starts for the first time. The packing condition at the interface in combination with the
particle sizes of coarse and fine particles defines the relative opening size of the pores
formed by coarse particles available for fine particles to enter the pore structure of the
coarse layer. These opening sizes also influence the local flow condition in vicinity of the
opening. Both micro-scale features, opening size and flow condition, were investigated
and quantified for the situation when fine particles are dislodged for the first time, or in
other words, when erosion sets in.
Keywords: contact erosion, flow characteristics, pore geometry, porosity
1 Introduction
Internal erosion is one major hazard for hydraulic structures as evidenced by the fact that
about 47% of embankment dam failures are attributed to this phenomenon [1]. Com-
pacted granular materials are frequently part of those water retaining structures either
acting as drain for collecting water inside the embankment or as filter between sections of
the dam with greatly varying particle sizes. In the presence of flowing water, particles of
the fine soil layer are more vulnerable to be detached and transported through the pores
formed by the coarse material. For the construction of dams, frequently materials are
used which are not ideal and sometimes allow some movement of fine particles into the
coarse material. Specific criteria based on probabilistic considerations allow the design
of such filters especially in terms of the required thickness. However, especially older
dams frequently show dysfunctions due to internal erosion processes. A major reason for
the fine particle instability is the change of the flow characteristic due to the geometrical
heterogeneity at the intersection of fine to coarse material. If the particle size of the fine
material is smaller than the pore size formed by the coarse material, dislodgement and
transportation of fine particles can occur. This process happens within the structure and
remains un-noticed until it has progressed enough to be visible at the surface of the struc-
ture, or it can be detected by field measurements. Because of the insidiousness of this
process it is important to improve our understanding about the coupled hydro-mechanical
processes influencing the onset of erosion.
Two conditions need to be satisfied for the initiation of fine particle migration. Firstly,
the smallest pore section, called constriction size, of the coarse material should be large
enough to allow eroded fine particles to pass through the pore structure of the coarse
material, which is a geometrical condition. This condition has been broadly studied
and converted into geometric criteria based on the comparison between particle size
distribution of the fine material and constriction size distribution of the coarse material
([Kenney and Lau, 1985, 3, 4, 5]). The second condition concerns the hydraulic loading
required to activate erosion. Worman et al. [6] proposed equations for assessing the
hydraulic conditions leading to the onset of contact erosion. Cyril et al. [7] conducted
contact erosion experiments with fine granular soil below a coarse layer. Flow has been
applied parallel to the interface of both materials and classical river erosion criteria have
been adopted to model the contact erosion. The onset of erosion was identified by the
observation of non-zero turbidity at outlet and the initiation threshold was defined based
on a critical Darcy velocity in the coarse layer. However, those average thresholds do not
provide information of changes of local flow velocity or hydraulic gradient at the interface
of two adjacent materials. In order to study local flow conditions leading to contact ero-
sion, Beguin et al. [8] performed a pore scale experiment to study the contact erosion
due to the flow parallel to the interface using Particle Image velocimetry (PIV). Beyond
the measurements of velocity at the interface, statistical approach allowed determining
the shear stress exerted by the flow on the surface of fine particles.
For the phenomenon considered in the presented study, seepage flow is perpendicular to
the interface and stability of the fine particles is considered in a different way than for the
above case. Based on buoyant unit weight of the soil (γb) to the unit weight of water (γw),
Terzaghi derived a simple equation describing the critical vertical hydraulic gradient (icri)
at the seepage exit required to initiate fluidisation [9]:
icri =
γb
γw
(24)
However, this simplified relationship does not include the existence of an adjacent coarse
material as well as local geometrical and hydraulic properties, and it always results in
an icri of around 1 for the initiation of erosion. In order to take these factors into ac-
count, Skempton and Borgan [4] proposed a reduction factor for the Terzaghi equation
by considering the stresses carried by the unstable soil fraction of a suffusive soil. They
observed critical condition at around 0.2 - 0.34 icri for cohesionsless fines. However,
these conditions have been defined based on conventional upward seepage tests based
on observations of macroscopic changes in the flow condition and material transport.
Local processes within the sample as first manifestations of the onset of erosion evade
observation and could not be included in the definition of critical conditions.
Besides of experimental studies, investigations using numerical models are an alternative
way to investigative the details of the hydro-mechanically coupled processes in porous
media. Geometrical representation and the mechanical behaviour of the solid phase can
be modelled through Discrete Element Method (DEM) [10]. Among several methods to
model fluid flow inside the pores, Lattice Boltzmann Method (LBM) is a powerful technique
that has been widely used for porous flow simulations. The LBM coupled with DEM was
used to study several solid fluid interaction problems ([11, 12, 13]). Recently, Abdelhamid
and EI Shamy [14] used these methods to model the fine particle behaviour in granular
filters. The model developed by Galindo Torres et al. [15] for investigating contact erosion
was used and modified for this study in order to provide a compatible numerical model
simulating the experimental investigations conducted within this study.
The presented paper discusses the geometrical and hydraulic conditions at pore scale
for the onset of contact erosion. A brief description of the developed coupled DEM/LBM
model is given in Section 2. Section 3 explains the validation of the numerical model with
the aid of experimental results for a layered porous medium. The computational model for
studying contact erosion is described in Section 4. Section 5 presents the results of the
investigations. Conclusions and future works are given in Section 6.
2 Numerical method
Micro-mechanical interaction of the solid phase was modelled using DEM as developed by
Cundall and Strack 1979 [10]. In this model spherical particles of different sizes represent
the packing of the solid phase. Those particles are allowed to overlap at the points where
they are in contact, and interparticle forces are calculated based on the overlap distance
(δn). Normal force (Fn) and tangential force (Ft) between particles are calculated using
stiffness values based on input data. Further details of the procedure and computational
aspects are described in Galindo Torres et al. [15]. During each time step total force
acting on individual particle is derived by considering the contact forces and body forces
on the particles. Incremental displacement can be calculated based on those resultant
forces. As spherical particles are usually used for simulating soil particles instead of
arbitrarily shaped particles, the computational cost can considerably be reduced.
The flow inside the pore structure formed by the DEM particles is solved using the Lat-
tice Boltzmann Method (LBM). LBM originated as an extension of the Lattice Gas Au-
tomata (LGA) [16]. Unlike the traditional macro level Navier-Stokes equation, where fluid
is treated as a continuum, the LBM considers fluid as particles that perform consecutive
streaming and collision processes over a discrete lattice [17]. A lattice is characterized by
the notation DnQm in which n indicates the dimensions of the lattice, and m represents
the number of directions streaming from a lattice point along which particles can move.
In the present work three dimensional flow is modelled using the D3Q15 scheme. During
a particular time step, fluid mass can propagate from a node with position x to any of 15
directions as shown in Figure 1(a). Possible fluid velocities at each node are represented
by vector ei and there are i=15 possible fluid velocities at each node. Further explana-
tions on how to obtain macroscopic parameters, for the selection of the lattice time step
and the lattice space, and for the coupling procedure of solid and fluid phases is given in
Galindo Torres et al. [15]. The volume fraction of a lattice occupied by the DEM particle
is calculated based on the length of an edge existing inside the sphere as show in Figure
1(b). Details on this procedure can be found as well in Galindo Torres et al. [15].
3 Experimental method and validation of numerical method
The major difficulty of experimentally studying pore scale properties of flow though gran-
ular material is the optical opaque nature of the laboratory samples. Previously, changes
in macro-scale properties, such as the gradient or flow velocity, settlement of the sample
or the mass of eroded particles, have been used to identify the initiation of erosion. For
the presented study, the developed laboratory experimental set-up based on PIV tech-
nique explained in Harshani et al. [18] was used to measure the flow conditions at the
pore scale. The main components of the set-up are the system controlling the flow, the
high-speed camera with light sheet optics and synchroniser, and the hardware to store
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Figure 1: (a) LBM cell of the D3Q15 showing the direction of each
one of the 15 discrete velocities. (b) DEM sphere interacting with
a LBM cell [15]
the taken images (Figure 2). The main feature of this experimental apparatus is the use
of water and hydro-gel beads instead of oil and glass beads, which are usually used for
PIV systems. Hydro-gel beads and water have the same refractive index forming a trans-
parent soil model. Furthermore, LED based illumination system is used instead of an
expensive laser system. The detailed explanation of this set-up and the image analysis
procedure can be found in Harshani et al. 2016 [18].
For validating the numerical model, the flow conditions at the interface from fine to coarse
soil was considered. The fine layer consisted of particles with 9 mm diameter, and the
coarse layer was composed of 20 mm large particles. Water flew upwards directed from
the fine into the coarse layer. Seeding particles of 20 Îijm size were used as tracer to
be able to track the flow velocity of water within the pore space using the high-speed
camera. The vertical extension of the area of interest was the transition region where
the flow velocity within the fine layer changed to the flow velocity in the coarse layer.
Several sections along the sample have been scanned to provide a representative result
of the flow conditions in this transition region. The left picture of Figure 3 shows as an
example the two dimensional velocity vector plot of the XY plane after PIV analysis. The
stars in Figure 3 show the results of the PIV measurements in the different sections as
normalized velocity (V/Vm) over the height of the transition zone. An increased velocity
in the transition region (20 mm-35 mm height) is clearly visible. It seems to be surprising
that this velocity occurs just above the fine material within the pore space of the filter
material and not in the mixing zone, where fine and coarse material form one layer. The
Figure 2: Schematic arrangement for Particle Image Velocimetry (PIV) system showing
all major components.
reduction of porosity in the mixing zone would have been expected higher velocity in this
mixing zone.
LBM simulations have been conducted with a rigid particle packing simulating the geo-
metrical and hydraulic conditions of the experimental study. The representative simulated
velocity field was determined by simply averaging the velocities in all lattice cells within
the observation domain. As can be seen in Figure 3, both numerical and experimental
results follow nearly the same velocity profile with the peak velocity at the same elevation.
The differences in the flow velocities can be explained by the fact that the PIV system only
captures the velocities in the observation plane. The system is not capable of observing
any velocities perpendicular to the observation plane. As a consequence, the tendency
is that velocities measured with PIV are slightly lower. Nevertheless, the comparison of
Figure 3 shows a satisfactory agreement between measurement results and simulation.
Although this combination of particle sizes does not allow any contact erosion because
of the geometrical conditions, this experiment and comparison allows the validation of
the computational model at least for the hydraulic part of the problem. Experimentally, it
would not be possible to use hydro-gel beads for contact erosion experiments on the one
hand, it is difficult to manufacture hydro-gel beads small enough to reach the size range
required allowing contact erosion. The main reason, however, is that hydro-gel beads
have a density that is close to the one of water. Already small flow velocities would initiate
particle movements, which would not be representative for real soils. Because of this
reason, further investigations on contact erosion are limited to computational experiments
only.
Figure 3: Flow conditions at the transition region of two layers of particles with 9 mm
and 20 mm diameter. Left: Example of measurement result using the PIV set-up. Right:
Comparison between measurement results and simulations.
4 Numerical model
The contact erosion phenomena as a hydro-mechanically coupled problem was investi-
gated in detail using the DEM/LBM model. Fine particles with 4 mm diameter (Db) over-
layed by coarse particles were packed inside a 10 cm×10 cm square channel with a
height of 23 cm. The size of coarse particles was varied with 24 mm, 32 mm and 40
mm. Both layers of particles were initially placed under hexagonal packing and allowed to
relocate under gravity until equilibrium was reached. Then the chamber was divided into
200×200×460 LBM cells resulting in a lattice spacing of δx = 0.5 mm. Consequently, the
diameter of fine particles was represented by 8 LBM cells. The resulting resolution was
enough to describe the mechanical effect of the LBM fluid on the fine particles. Figure 4
Figure 4: DEM-LBM simulation for contact erosion
shows the DEM sample with LBM grid. The contact zone was at a height of around 10 cm
-13 cm. Velocity and pressure boundary conditions were applied at the bottom and top
boundaries, respectively. Gravity was only imposed to the DEM particles and not to the
fluid. The LBM fluid density was taken as 1000kg/m3, and solid density was 2500kg/m3.
The inlet velocity was varied as shown in Figure 5(a).
5 Results and Discussion
For investigating the onset of erosion, a crucial question to be answered is which parame-
ter can be used to clearly identify the onset of erosion. The simple answer to this question
is the vertical movement of fine particles in upwards direction. Figure 5b shows the av-
eraged vertical velocity of the fine particles in a zone between 10 cm and 12 cm. The
first velocity change in negative direction against flow direction as well as the subsequent
counter movement is caused by rearrangement of particles. The first clear sign of an
increased velocity of particles can be seen after 0.17 s. The corresponding inlet velocity
at this time step is 0.05 m/s.
With further increase of the flow velocity, the velocity of particles increase as well. Figure
6(a) shows as a vertical profile the variation of average particle velocity. Particles in the
transition zone between 10 cm and 12 cam show recognisably higher velocities with time.
Furthermore, the zone of higher velocities naturally moves upwards due to the transport
of fine particles into the pore structure of the coarse particles. At the same time, coarser
particles move downwards, sinking into the fluidised fine layer. Accordingly, the porosity
in the transition zone drops significantly from initially around 0.35 to approximately 0.25
(Figure 6(b)). The reduction in porosity leads to even higher flow velocities in the transition
zone further enhancing the mixing process. The local porosity change in in the transition
zone directly affects the flow characteristics inside each pore. The increase of the flow
velocity is a main factor for further migration of fine particles into the coarse material.
Particle dislodgement and corresponding particle velocity were identified by averaging the
properties of fine particles at each layer within the transition zone. However, the initiation
of particle movement was not uniform across each level. For example, at some pores
formed by the coarse material the fine particles detached quickly and were transported
away, while fine particles in other pores remained stable. A possible explanation can be
found in the interaction between particle arrangement and flow condition. The inhomo-
geneous flow distribution acting on the fine particles sitting at the top of the fine material
layer is caused by the presence of the coarse particles. Where these particles form a
void, which at the end act as an entrance for fine particles into the pore structure of the
coarse fraction, the flow merges into the large voids causing a local acceleration of the
flow velocity. As a consequence, the stability of the top-most fine particles is reduced and
they start to get dislodged.
This means at the end, that the initiation depends on the hydraulic, geometrical and of
course the mechanical conditions since the mechanical forces acting on fine particles
provide the resistance against dislodgement. However, the flow condition in the transition
zone is primarily influenced by the geometrical arrangement of coarse and fine particles
and the overall flow velocity. Figure 7 shows the flow characteristics for three different
conditions with respect to void size formed by coarse particles and particle size of the
fine material at the same time step of 0.2 s. Continuity of the pore channel, pore throat
distance (pore constriction size formed by coarse fraction) and the pore direction directly
affect the flow behaviour in both layers and the transition zone.
In order to take the geometrical conditions into account for assessing the onset of ero-
sion, several pore shapes were selected for all three different particle sizes of the coarse
material. The geometrical lengths and flow properties were defined according to Figure
(a) (b)
Figure 5: (a) Input velocity with time (b) Vertical velocity of the
particles with time at the height of 9 cm, 10 cm, 11 cm, 12 cm
8. The minimum pore throat length (Lp) between two coarse particles, the pore velocity
(Vf ) at the filter area, the pore velocity at the base particle area (Vb) just below the void
were defined for selected sections. At the time of particle detachment, Vf and Vb were
identified by scanning each pore individually. Accordingly, the time for the initiation of par-
ticle detachment for each pore was different and the corresponding flow velocities were
recorded. The dimensionless Froude number (Fr) was used to generalise the conditions
and was defined at the onset as;
Fr =
Vf√
(S − 1)gDb
(25)
where, S is the specific gravity, Db is the diameter of base particles and g is the accel-
eration of gravity. This micro-scale analysis was applied for all models with the different
particle diameters for the coarse material (24 mm, 32 mm and 40 mm). Since the base
particle diameter (Db ) was kept constant for all models, three different dimensionless
length scales (Lp/Db) were considered. Figure 9 shows the Froude number calculated
from the flow velocity in the coarse material versus the dimensionless length scale. For
the three different length scales the plot shows clearly a dramatic change in Froude
number varying between 0.2 to 0.4 and for all three length scales the same pattern can
be observed. The same comparison with the Froude number calculated with the flow
velocity in the base Vb has not produced such a nice relationship. Based on this graph
given in Figure 9, three different zones can be identified as follows:
Zone 1 → 1< (Lp/Db)<1.5
Zone 2 → 1.5<(Lp/Db)<4
Zone 3 → (Lp/Db)>4
(a) (b)
Figure 6: (a) Particle velocity variation with the height of the sam-
ple (b) Porosity changes at contact zone during the contact ero-
sion initiation
Figure 7: Variation of the local flow characteristics according to the geometrical shape of
the pores and constrictions
The evolution of the graph can be interpreted as follows: For a dimensionless length
scale (Lp/Db) close to one, the required flow velocity to initiate dislodgement needs to
be higher because the geometrical condition and thus mechanical impact on the fine
particles hinders dislodgement and transport. With increasing Lp/Db the Froude number,
and thus the initiation velocity drops, until it reaches a minimum, which is considered
as zone 1. Within zone 1 the geometrical shape of the pore throat dominates the flow
condition and the jet like flow pattern accelerates initial particle dislodgement. In the
simulations, it could be observed that the velocity is higher at narrow pore throats, and
this high flow velocity significantly reduces the stability of the fine particles. However,
beyond a certain pore throat length, the influence from the accelerated of flow velocity
Figure 8: Parameters of pore geometry and flow velocity
Figure 9: Variation of Froude number with dimensionless length parameter for different
filter particle diameters
slowly diminishes. This can be clearly seen starting from a value for Lp/Db of 1.5 to 2 in
zone 2, which ends at approximately 4. In this zone the Froude number increases again
with increasing length of the pore throat before it reaches a plateau. Within zone 2, both
geometrical and hydraulic effects govern the initiation of fine particles. Beyond values for
Lp/Db of 4, the Froude number shows a constant value proving that the initiation of particle
movement is independent from the geometrical shape of the pore and only dependent on
the hydraulic condition. This condition can be considered as a fluidized bed problem
where an influence of the pore geometry is not considered. This mechanism was studied
previously by a simplified contact erosion model and presented in Harshani et al. 2015
[19].
6 Conclusions
Pore scale investigations were conducted to identify the mechanisms for contact erosion
initiation. On the experimental side, PIV technique was used to measure the local flow
velocities at the transition zone from a fine to a coarse material. The flow velocity in the
transition zone was identified to be around four times larger than the mean Darcy pore
velocity. The experimentally measured flow behaviour was used to validate a computa-
tional model which has been developed using the DEM and LBM methods to simulate
the interaction between soil and fluid. The contact erosion phenomenon was investigated
in detail on the micro-scale using this model. Three different particle combinations were
used to allow generalisation of the results. Detachment of fine particles due to the vertical
seepage flow was identified by tracking the particle velocities at different layers in the
transition zone. Then onset of contact erosion was identified by observing the average
velocity of the top most layer formed by the fine particles. Following observations could
be made based on these simulations:
• Initiation of particle movement does not occur at the same time for every pore throat
formed by the coarse fraction. In some pores, particles have been dislodged earlier
than in others.
• Depending on the size of the pore throat in the coarse material, velocities within the
fine layer and in the pores of the coarse particles varied significantly.
In order to investigate the influence of the geometry of pore throats on the initiation time
and the corresponding flow velocity for the onset of contact erosion, a detailed pore scale
investigation was conducted for several pore shapes for three different combinations
of fine and coarse particles. Following conclusions can be made as a result of this
investigation:
• The dimensionless Froude number calculated with the flow velocity in the throat
formed by the coarse material and the particle diameter of the fine layer allows a
generalisation of the flow conditions.
• Based on a dimensionless length scale defined as the ratio between the pore throat
of the coarse material and the particle diameter of the fines Lp/Db a characteristic
pattern for the evolution of the Froude number could be revealed.
• This pattern is characterised by three different zones that describe in a general
way the competition between geometrical and hydraulic conditions influencing the
initiation of fine particle dislodgement.
The results of this study represent only a small mosaic chip in the big puzzle of the en-
deavour to reveal on the micro-scale the mechanisms influencing not only the onset, but
also the further progress of erosion. The used methods for this investigation, on the ex-
perimental side the Particle Image Velocimetry (PIV) technique and on the computational
side the coupled Discrete Element Method with the Lattice Boltzmann Method, have been
proven as most suitable for this investigation.
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